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ABSTRACT 
Molecular Syntheses of Extended Materials 
Daniel W. Paley 
 
Bottom-up molecular synthesis is a route to chemically and crystallographically uniform 
polymers and solid-state materials. Through the use of molecular precursors, we gain atomic-
level control of functionality and fine-tuning of the collective properties of materials. This 
dissertation presents two studies that demonstrate this approach. 
Ring-opening alkyne metathesis polymerization is a possible approach to monodisperse 
conjugated polymers, but its applications have been limited by difficult syntheses and high air 
sensitivity of known organometallic ROAMP initiators. We designed a dimeric, air-stable 
molybdenum alkylidyne with a tris(phenolate) supporting ligand. The precatalyst is activated by 
addition of methanol and polymerizes cyclooctynes with excellent chemical selectivity and 
functional group tolerance. 
The Nuckolls and Roy groups have introduced a new family of solid-state compounds 
synthesized from cobalt chalcogenide clusters Co6Q8(PR3)6 and fullerenes. The first examples of 
these materials crystallized in superatom lattices with the symmetry of simple inorganic solids 
CdI2 (P-3m1) and NaCl (Fm-3m). This dissertation reveals that further members of the family 
feature extraordinary diversity of structure, including a pseudo-trigonal array of fulleride dimers 
in [Co6Te8(PEt3)6]2[C140][C70]2 and a heterolayered van der Waals cocrystal 
[Co6Se8(PEt2phen)6][C60]5. In addition to these unusual crystal structures, this dissertation 
presents a method for assigning redox states from crystallographic data in Co6Q8 clusters. 
Finally, a detailed guide to the collection and solution of single-crystal X-ray data is 
presented. The guide is intended for independent study by new crystallographers. 
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Chapter 1. Alcohol-initiated ring-opening alkyne metathesis polymerization. 
 
The Nuckolls group studies ring-opening alkyne metathesis polymerization as part of a synthetic 
route to atomically defined, monodisperse graphene nanoribbon fragments. The development of 
new catalyst systems for the controlled initiation of ROAMP has been an important part of our 
research in this area. This chapter presents a multidentate aryloxide ligand that suppresses some 
modes of catalyst death, slows catalyst activity to provide for selective reaction with strained 
alkynes, and accomodates convenient benchtop reaction conditions with no loss of performance. 
Kinetic and NMR experiments are used to elucidate the unique reactions of our alkyne 
metathesis catalyst in the presence of methanol. 
 
 
The studies described here would have been impossible without the following people: Dr. 
Danielle Sedbrook introduced me to the Nuckolls lab and the alkyne metathesis project. Prof. 
Felix Fischer and Prof. Xavier Roy taught me inorganic synthesis. Felix also introduced us to the 
toba ligand and synthesized the sample of tobaH3 (25) that I used for my first experiments. Dr. 
Michael Steigerwald provided constant inspiration and performed helpful DFT modeling of the 
mononuclear intermediate 28a. Dr. John Decatur shared his expertise in the design of NMR 
experiments. Dr. Yasuhiro Itagaki was infinitely patient with my endless MALDI samples. Dr. 
Brandon Fowler brought a new perspective to the alkyne metathesis project when he joined the 
group in my third year. Dr. Wesley Sattler suggested isolating the molybdenum alkylidyne dimer 
26 by flash chromatography, which changed the entire course of the project. Timothy Su and 
Sarah Solaka synthesized interesting cycloalkynes. Dr. Yi Rong, Dr. Aaron Sattler, and Michelle 
2	  
Neary determined several valuable crystal structures. Dr. Zhixing Chen and Prof. Wei Min 
collaborated on a study of 13C labelled alkynes for stimulated Raman imaging that is not 




1.1. History of alkyne metathesis. 
Alkyne metathesis was first demonstrated in 1968 and the ensuing 47 years have seen the field 
pass through several generations of methodology with increasing substrate scope and 
convenience. This section describes the history of the reaction. Numerous reviews have been 
published.2–7 Fürstner’s 2013 review7 was particularly helpful in the preparation of this section.  
 
Bailey and coworkers discovered in 1968 that WO3 calcined on silica will catalyze the 
disproportionation of 2-pentyne to 2-butyne and 3-hexyne.8 The reaction failed to find any 
synthetic application in its first several years, but further studies9,10,11 of the heterogeneous 
reaction revealed that MoO3 on silica was also an active catalyst, that alkyne cyclotrimerization 
often competed with disproportionation, and (through 13C labeling experiments) that the reaction 
affected the alkyne triple bond and not the adjacent C(sp)-C(sp3) bond.  
 
The first progress toward a synthetically useful reaction was demonstrated in 1974, when 
Mortreux and Blanchard metathesized p-tolylphenylacetylene in a homogenous mixture of 
Mo(CO)6 and resorcinol in decalin at 160 °C.12 Early studies of the Mo(CO)6/phenol-catalyzed 
homogeneous reaction suggested that the role of phenol was to provide aryloxo supporting 
ligands analagous to the presumed Si-O-[M] surface functionality of the heterogenous 
system.11,13  
 
Katz and McGinnis published a landmark paper in 1975 that proposed three-carbon metallacyclic 
intermediates as the key intermediates in the metathesis of olefins and alkynes.14 For the case of 
olefin metathesis, they argued from initial product ratios (Scheme 1.1) that the immediate 
4	  
crossover of two different acyclic olefins in the ring-opening metathesis of cyclooctene ruled out 
a complex of stoichiometry M(olefin)2 as the key intermediate. 
 
 
Scheme 1.1. Ring-opening metathesis of cyclooctene in the presence of 2-butene and 4-octene. If 
two olefins were involved in the rate-determining step, the crossover product 
RHC=CH…CH=CHR’ would not form in the initial stage of the reaction. Figure reproduced 
from Katz & McGinnis14. 
 
By analogy with this olefin metathesis study, Katz proposed an 
alkylidyne/metallacyclobutadiene cycle (Scheme 1.2) for alkyne metathesis, a reaction that had 
appeared in approximately 4 publications in the preceding 6 years. In the ensuing decade, 
synthetic and crystallographic studies would confirm the Katz mechanism in many well-
characterized systems.  
 
 
Scheme 1.2. Katz’s metallacyclobutadiene cycle of alkyne metathesis. Figure reproduced from 
reference Katz & McGinnis14. 
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Syntheses of Group 6 metal alkylidyne complexes had been known since 1973, when Fischer 
and coworkers15 synthesized a family of M(CPh)(CO)4X complexes with M = W, Mo, Cr and X 
= Cl, Br, I. W(CPh)(CO)4I was structurally characterized (Figure 1.1) with an octahedral 
geometry, a linear W-C-Ph angle and a W-C distance of 1.88(10) Å. These carbonyl-containing 
complexes are typical of “low-valent” (formally d2 in this example) metal alkylidynes, which 
typically do not metathesize alkynes. 
 
 
Figure 1.1. Molecular structure of W(CPh)(CO)4I. Figure reproduced from Fischer et al.15. 
 
By analogy with d0 tungsten alkylidene complexes that metathesize olefins,16 Schrock and 
coworkers surmised in 198117 that W(VI) alkylidynes were likely catalysts for alkyne metathesis. 
Their hypothesis was confirmed by the synthesis of W(CtBu)(OtBu)3 and W(CtBu)Cl3(OPEt3) 
(eqs. 1.1-1.3), which both metathesized alkynes, with the alkoxide complex reacting several 
order of magnitude faster.  
 
 W(CtBu)(Np)3 + 3 HCl + Et3PO  W(CtBu)Cl3(OPEt3) (1.1) 
 W(CtBu)(Np)3 + 3 HCl + NEt4Cl  [Et4N][W(CtBu)Cl4] (1.2) 
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 [Et4N][W(CtBu)Cl4]  + 3 LiOtBu  W(CtBu)(OtBu)3 (1.3) 
 
The first direct evidence for the Katz mechanism in the case of alkyne metathesis was given by 
the synthesis of the tungstenacyclobutadiene complex W[CtBuCMeCMe]Cl3 from 
W(CtBu)Cl3(dme) and 2-butyne (Figure 1.2).18 However, the chloro-supported WC3R3 complex 




Figure 1.2. The first structurally characterized metallacyclobutadiene complex. Figure 
reproduced from Pedersen et al.18. 
 
The first catalytically active, structurally characterized tungstenacyclobutadiene was synthesized 
in 1984 from a 2,6-diisopropylphenoxide-supported tungsten alkylidyne (Eq. 1.4).20 
 
 W(CtBu)(OAr)3 + Et2C2 (xs)  W(C3Et3)(OAr)3 (1.4) 
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The crystalline product had a nearly symmetric WC3 ring with W-C(α) distances 1.883(10) and 
1.949(9) Å. It reacted dissociatively at room temperature with internal alkynes to give metathesis 
products.  
 
While the Schrock-type, alkoxide-supported tungsten catalysts W(CR)(OR)3 had excellent 
reactivity with simple substrates at room temperature, they were limited by their high Lewis 
acidity and their reactivity with air, water and polar functional groups. W(CtBu)(OAr)3 reacts 
with aldehydes, ketones, and surprisingly esters and amides to give Wittig-like olefinic products 
after aqueous workup.21 Molybdenum alkylidynes offer a potentially less Lewis acidic and 
oxophilic platform for more tolerant catalysis. 
 
The initial studies of well-defined molybdenum alkylidyne catalysts were hindered by synthetic 
challenges, but a reproducible route to Mo(CtBu)Cl3(dme) via Mo(CtBu)(Np)3 was ultimately 
developed by McCullough and Schrock.22,23 Mo(CtBu)(OtBu)3, analogous to the oldest and most 
successful tungsten catalyst,17 seemed insufficiently electrophilic to form 
molybdenacyclobutadienes, but aryloxo and fluorinated alkoxo complexes of molybdenum 
alkylidynes were highly active metathesis catalysts. There was no report of Wittig-like reactivity 
with carbonyl compounds as for the tungsten family,21 but the family Mo(CR)(OR)3 was still 
highly sensitive to air and water and offered few obvious advantages. However, note that very 
recently the solvent-free fluoroalkoxide complex Mo(CMes)(OtBuF6)3 was reported as the first 
efficient metathesis catalyst for terminal alkynes.24 
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After Schrock’s early groundbreaking synthetic and mechanistic studies, the field remained 
relatively quiet in the remaining 1980s and 90s, aside from several examples of ring-opening 
metathesis polymerization of strained alkynes (see section 1.2) and some further development of 
the Mortreux-type Mo(CO)6/phenol system.25–27  
 
In the late 1990s there were several important innovations in methods and applications. Fürstner 
introduced several examples of ring-closing alkyne metathesis (RCAM) in the synthesis of 
macrocyclic natural products (Scheme 1.3).28–31 Early synthetic applications of RCAM typically 
applied a two-step macrocyclization-semihydrogenation sequence to stereoselectively generate E 
olefins in macrocycles. 
 
 
Scheme 1.3. Ring-closing alkyne metathesis in the total synthesis of prostaglandin E2-1,15-
lactone.31 (a) Mo[N(tBu)(C6H3Me2)]3, CH2Cl2/toluene, 80 °C. (b) H2, Lindlar cat.; HF. 
 
Fürstner also introduced an influential addition to the metathesis toolkit. The 
trisamidomolybdenum(III) complex 1 (Scheme 1.4) reacts with dichloromethane to give 
ethylidyne 2 and chlorotrisamidomolybdenum(IV) complex 3.32,33 Surprisingly, the Mo(IV) 
chloride is a highly active metathesis catalyst, while the ethylidyne has poor (but not 
nonexistent) activity. The mixture generated by in situ activation of 1 by dichloromethane 
tolerates the presence of amides, pyridines, thioethers, aldehydes, and nitroarenes.33 It was 



















Scheme 1.4. Activation of trisamidomolybdenum(III) complex 1 with dichloromethane. Ar = 
3,5-dimethylphenyl. 
 
Fürstner’s in situ system was the prototype for a highly successful precatalyst developed by 
Moore and coworkers (Scheme 1.5).37–39 Trisamido complex 1 is treated with excess gem-
dihalide in the presence of magnesium metal. The chloro coproduct 3 is recycled to Mo(III) to 
ultimately provide a high yield of the desired alkylidyne. The easily stored trisamido alkylidyne 
complex 4 is activated by phenols to generate in situ catalysts with good activity and tolerance. 
This flexible precatalyst was used by the Nuckolls group in two studies that screened a variety of 
alcohol and phenol cocatalysts for the controlled metathesis polymerization of cyclooctynes.40,41 
 
 
Scheme 1.5. “Reductive recycle” synthesis of trisamidomolybdenum(VI) alkylidynes and 
activation by phenol cocatalysts.  
 
The in situ activation of 4 has been used effectively in a family of tris(aryloxo)-supported 







































































generated from 4 and phenols by ligand metathesis. Their high resistance to the loss of ligands 
and to bimolecular deactivation makes them suitable for applications in dynamic covalent 
chemistry. They have been applied to the synthesis of cobalt-functionalized covalent organic 
frameworks45 and highly conjugated small molecules46. The Nuckolls and Min groups applied a 
Zhang podand ligand to the synthesis of a 13C-labeled RNA probe for multicolor live-cell 
imaging by stimulated Raman scattering (Scheme 1.6).1 
 
 
Figure 1.3. Podand-supported molybdenum alkylidynes developed by Zhang and coworkers. 
Structures 6-8 reproduced from Jyothish et al.43 and Yang et al.44. 
 
 
Scheme 1.6. Synthesis of mono-13C-ethynyldeoxyuridine for multicolor Raman imaging.  
 
Besides the in situ systems introduced by Fürstner and developed by Moore and Zhang, there are 
two other prominent families of modern alkyne metathesis catalysts.  
 
Tamm and coworkers have studied the electronic tuning of Mo and W alkylidynes by carefully 








































highly donating phosphoraneimido and imidazolin-2-iminato “X=N-” ligands.6,47–49 The isolation 
of a metallacyclic intermediate 12 suggested that these modified Schrock-type catalysts operate 
by the typical Katz mechanism.50 A tungsten imidazolin-2-iminato catalyst has been used for the 
room-temperature synthesis of a cyclophane macrocycle.51 Tamm’s heteroleptic catalysts are 




Figure 1.4. Heteroleptic phosphoraneimido and imidazolin-2-iminato catalysts; crystal structure 
of tungstenacyclobutadiene 12.  
 
In a complementary strategy, Fürstner and coworkers have pioneered the use of trialkylsiloxo 
ligands that modify the electronic environment of the metal by shifting easily between a bent, 4-
electron donor configuration and a nearly linear, 2σ + 4π configuration.52–54 These silanolate 
complexes have been further developed toward bench-stability by the formation of bipyridine 
and phenanthroline chelates and by the use of molybdenum nitride precatalysts that generate 
active species by nitrile-alkyne cross-metathesis.55–57 Important members of the siloxo catalyst 
family (Figure 1.5) include the tetrahedral donor-free complex 13, which is extraordinarily active 
toward cross-metathesis condensation of propynes at room temperature in the presence of 5Å 
molecular sieves; the phenanthroline chelate 14, which is bench-stable and can be preactivated 

























and metathesizes alkynes in toluene at 80 °C. These catalysts have been most popular in the 
synthesis of complex organic targets that are often sensitive to heat and Lewis acids.58,59 
 
 
Figure 1.5. Molybdenum silanolate catalyst 13 and air-stable precatalysts 14, 15. 
 
In summary, Schrock’s early syntheses of molecular Mo and W alkylidynes and characterization 
of their reaction with acetylenes provided the foundation for the rational design of active, 
convenient modern catalysts. The current development of the reaction, which has applications in 
the synthesis of complex small molecules and conjugated oligomeric and polymeric materials, 


















1.2 Ring-opening alkyne metathesis polymerization. 
In contrast to the widespread adoption of olefin ring-opening metathesis polymerization,60–62 
there are few reported examples of ring-opening alkyne metathesis polymerization (ROAMP). 
This is due in part to a comparative shortage of catalysts for alkyne metathesis (Section 1.1) and 
particularly a shortage of well-defined catalysts that can initiate controlled metathesis 
polymerizations.  
 
Living polymerization60,63 is a synthesis of chemically uniform polymers in which the conversion 
of monomer has a linear relation to the degree of polymerization. The polymerization is 
controlled by two fundamental steps, the initiation of chains and the further reaction of growing 
chains with additional monomer units (Scheme 1.7). The lowest polydispersity is achieved when 
ki >> kp, which is commonly understood as “all chains initiating at the same time.”64 In the ideal 
case, chain transfer and termination steps are excluded (Scheme 1.8).  
 
 
Scheme 1.7. Initiation and propagation steps in ROAMP. 
 
 

























The requirement of no chain transfer is particularly demanding in the case of ring-opening 
metathesis polymerizations because the monomer and polymer contain the same functional unit. 
Therefore, the monomer must incorporate enough ring strain that the initiator can discriminate 
between cyclic monomer and ring-opened products. The general development of the field toward 
highly active, room-temperature conversion of unstrained substrates is at odds with this 
requirement for selectivity. 
 
An effective initiator for living ROAMP must comprise a single active species, which excludes 
undefined mixtures such as the Mortreux-type Mo(CO)6/phenol system and in situ activated 
catalysts such as Mo[N(tBu)(Ar)]3/CH2Cl2 (Scheme 1.4). Nitrido precatalysts such as 
Mo(N)(OSiPh3)3(py) 15 (Figure 1.5), which slowly generate a low concentration of highly active 
catalyst, will give ki < kp and a substantial background of chain transfer. This kinetic profile will 
result in uncontrolled molecular weight and broad polydispersity. The ideal ROAMP initiator 
will initiate rapidly, incorporate strained monomers smoothly, and resist cross-metathesis 
scrambling of poly(alkyne) products. Further criteria include a broad scope for functionalized 
monomers and an operationally simple system that does not demand rigorously air- and water-




Scheme 1.9. Previous examples of ROAMP. 
 
Previous ROAMP systems have failed to achieve these ideal criteria (Scheme 1.9). The first 
examples of ROAMP were demonstrated by Krouse, Schrock, and Cohen in 1987.65 The 
modestly active molybdenum n-butylidyne23 Mo(CPr)(OtBu)3 was reacted with 1 to 500 equiv. 
cyclooctyne and smoothly generated poly(cyclooctyne) at room temperature. At high monomer 
loadings, the n-butylidyne initiator and cyclooctyne were fully consumed, resulting in polymers 
with Mn 4300 to 8600 and polydispersity indices Mw/Mn of 4.4 to 7.0. The polymer Mn was 
lower than expected by a factor of 5 to 6, which was attributed to the formation of cyclic 
oligomers. The high polydispersity was attributed to slow mixing (effectively low ki) and to 
subsequent slow cross-metathesis scrambling of the products.  
 
Mo(CPr)(OtBu)3
Mn 4300 to 8600































Mn 9960 to 33,000
PDI 1.4 to 2.3











A following study66 revealed that W2(OtBu)6 was also a competent initiator for cyclooctyne, but 
the poly(cyclooctyne) obtained by this method was insoluble in all solvents, suggesting an 
extremely high molecular weight. This observation is consistent with slow initiation of the 
ditungsten precatalyst and subsequent runaway growth of the active chain ends. Cyclic oligomers 
were identified in some product mixtures and reinforced the conclusion that back-biting and 
other cross-metathesis steps were a serious complication in these simple ROAMP systems. 
 
In 1994, Zhang and Bazan described the ROAMP synthesis of poly(disilanyleneethynylene).67 
The reaction of strained, desymmetrized diyne 16 with highly active W(CMe)(OtBuF6)3 gave a 
polymer of Mn 31,000 with low polydispersity. Interestingly, the product poly-16 was entirely 
regioregular, which implied that the initiator was effectively discriminating between the 
diethylsilyl and dimethylsilyl ends of the cycloalkyne. This system appeared to suffer from 
moderate cross-metathesis scrambling of the products; no initiator was found to successfully 
incorporate 16 without slowly increasing the polydispersity of the resulting product. 
 
In 2006 the Nuckolls group reported the ROAMP of the highly strained hydrocarbon 17 effected 
by Schrock’s catalyst W(CtBu)(OtBu)3. Interestingly, no cyclic oligomers were obtained in this 
reaction, even at a monomer loading of 1 equiv. relative to the initiator. This preference for 
linear polymer was attributed to the stiffness of the (ene, yne) chain. As in previous examples, 
the high molecular weight and moderate polydispersity indicated that there was no kinetic 
preference for initiation over propagation.  
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The Tamm group reported in 2010 that their heteroleptic tungsten neopentylidyne 11 would 
initiate the polymerization of cyclooctyne under solvent-free conditions. When the reaction was 
attempted in toluene at 0.03 M concentration, the yield of insoluble polymer was lowered to 7%. 
At 0.02 M, only cyclic oligomers were obtained. The difficulty in producing linear polymers was 
explained according to the Jacobson-Stockmayer theory of equilibria between linear and cyclic 
chains.68,69 These results are consistent with Schrock’s earlier study,66 which reported the 
formation of cyclic oligo(cyclooctyne) at 0.015 M in toluene.  
 
 
Figure 1.6. Living ROAMP of dibenzocyclooctyne 18. (a) Structure of monomer and polymer. 
(b) Polymerization by Schrock’s catalyst W(CtBu)(OtBu)3. (c) Polymerization by Moore-type 
system Mo(CEt)(NR2)3 / 2-nitrophenol. Black circles, Mn; white diamonds, polydispersity index. 
Parts (b) and (c) reproduced from Fischer et al.40. 
 
The Nuckolls group developed the first living ROAMP in 2010 (Figure 1.6).40 Brominated 
dibenzocyclooctyne 18, designed as a precursor for hydrocarbon nanoribbons, was polymerized 












The classical Schrock-type system17 W(CtBu)(OtBu)3 produced polymers of Mn 5-10 times the 
theoretical value with moderate polydispersity (1.5 to 1.9). The evolution of the polymer 
characteristics over time (Figure 1.6b) indicated that the catalyst initiated slowly, causing the 
runaway growth of a small fraction of chains, and then slowly equilibrated by cross-metathesis to 
a final product of increasing polydispersity and slowly decreasing molecular weight.  
 
By contrast, the Moore-type38 in situ catalyst Mo(CEt)(NR2)3 / 2-nitrophenol gave a polymer of 
Mn 6 times the theoretical value but with a low polydispersity of 1.1. When further portions of 
monomer were added to the reaction mixture, they were smoothly incorporated with an increase 
in molecular weight and no change in polydispersity. This indicated that growing chain ends 
were persisting after the full conversion of cyclooctyne monomer and that cross-metathesis 
scrambling of internal alkynes was effectively suppressed. The higher-than-theoretical molecular 
weight was interpreted as a sign that initiation of the catalyst was not quantitative. The screening 
of a panel of phenol and alcohol cocatalysts revealed no clear effect of pKa or steric requirement, 
but the excellent results with 2-nitrophenol seemed to indicate that a chelating X…L ligand 
might have a useful effect on the metal’s coordination environment.  
 
After this initial report of living ROAMP, we continued to investigate the role of chelating ortho 
substituents in Moore-type in situ initiators. In 2012, Sedbrook and Nuckolls compared the 
chelating ligands N-phenyl-2-salicylimine 19 and 2-nitrophenol 20 against their non-chelating 
counterparts N-phenyl-4-salicylimine 21 and 4-nitrophenol 22 in the polymerizations of 




Figure 1.7. Activating cocatalysts and substrates for determining the role of ortho-substituted 
phenoxo ligands in living ROAMP. 
 
Monomer	   Ligand	   Temperature	  (°C)	   Polymer	  Mn	   PDI	  
	   	   	   	   	  23	   19	   24	   3700	   1.2	  
23	   20	   24	   29,000	   1.3	  
23	   21	   24	   84,000	   3.0	  
23	   22	   24	   33,000	   3.9	  
23	   19	   -­‐78	   3900	   1.2	  
23	   20	   -­‐78	   3800	   1.4	  
23	   21	   -­‐78	   137,000	   2.2	  
23	   22	   -­‐78	   27,000	   1.5	  
24	   19	   -­‐78	   8600	   1.8	  
24	   20	   -­‐78	   3500	   1.6	  
24	   21	   -­‐78	   12,000	   2.0	  
24	   22	   -­‐78	   15,000	   1.8	  
 
Figure 1.8. Polymerization of monomers 23 and 24 activated by bidentate and monodentate 
phenoxo ligands. Conditions: toluene, catalyst preactivated with 3 equiv. ROH for 5 min at r.t.; 
polymerization of 5 equiv. cycloalkyne for 15 s (monomer 23) or 120 s (monomer 24); product 
precipitated from MeOH after the indicated time.  
 
As suggested in the previous study, the best results here were obtained when the activating 
ligand had a chelating ortho substituent. The N-phenyl-2-salicylimine cocatalyst 19 gave poly-23 
with near-theoretical molecular weight and polydispersity; this polymerization also had living 






















increase in Mn. The para-substituted controls 21 and 22 gave runaway polymerizations that 
indicated chain propagation was faster than initiation in the absence of an intramolecular 2-
electron ligand. The polymerization of aliphatic 24 reinforced the observation that non-chelating 
ligands result in slow initiation and runaway polymerization with the result of high Mn and high 
polydispersity. 
 
In summary, the existing work on ring-opening alkyne metathesis polymerization has 
demonstrated chiefly that (1) highly active catalysts for cross-metathesis are poor candidates for 
controlled ROAMP due to their reactivity with internal alkynes in the obtained polymers; and (2) 
modifying the coordination environment of Mo initiators through the use of chelating ligands 
may provide an opportunity for better control of the polymerization. I applied these principles to 






1.3. Alcohol-promoted ring-opening alkyne metathesis. 
This section is largely adapted from Paley et al.,70 but some additional background on the 
development of the reaction is included. To preserve readability, some supporting data are 
collected in Sections 1.9 and 1.10. 
 
We continued to investigate the effect of multidentate ligands on the ring-opening 
polymerization of dibenzocyclooctynes. We surmised that an ideal ligand for ROAMP would be 
trianionic, to provide for a well-defined 1:1 metal:ligand stoichiometry of the active species, and 
electron-rich, to reduce the rate of potentially harmful cross-metathesis reactions subsequent to 
the polymerization.  
 
The amino triphenolate ligand family (parent compound 25, Scheme 1.10) is a popular scaffold 
for early transition metal complexes in high oxidation states.71–73  The X3L binding motif meets 
our requirement for a well-defined, trianionic coordination environment. The Zhang group 
reported a highly active catalyst (9, Figure 1.3) generated in situ from trisamide 4 and tris(2-
hydroxy-5-nitrobenzyl)amine,42 although we note that our interest in this ligand family preceded 
this report. We started our investigation with the electron-rich, easily synthesized71 25.  
 


























Initially, we activated Moore’s trisamido propylidyne precatalyst 4 with tobaH3 25 and used the 
resulting mixture in situ for polymerization of 23. After preactivation for 5 min, the 
polymerization of 5 equiv. 23 was allowed to proceed at room temperature for 0.25 to 135 min 
before quenching aliquots by precipitation from methanol. Polymers were obtained with an 
interesting bimodal molecular weight distribution that evolved over the course of the reaction 
(Figure 1.9). 
 
The polymer obtained at the beginning of the reaction had a low PDI and a molecular weight 
near the expected value for the monomer loading. This low-molecular-weight polymer 
disappeared over the course of several minutes and a distinct product of high molecular weight 
was observed. After 135 min, the product was exclusively a high-molecular-weight polymer with 
Mn 93,000 and PDI 1.4.  
 
Careful analysis of the bimodal GPC traces revealed several trends. The low-MW peak 
disappeared over the course of 5-10 min at room temperature. While the low-MW material was 
present, its molecular weight decreased slightly as the reaction proceeded; its polydispersity was 
constant at 1.2. The high-MW material increased rapidly to a constant Mn after approximately 2 
minutes; its polydispersity increased gradually to between 1.4 and 2, depending on the trial. 
NMR analyses of the isolated polymer at all time points were indistinguishable, with the 
exception that ethylacetylene end groups could be observed in the low-MW material. 
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Figure 1.9. Characteristics of poly-23 obtained from the in situ system in Scheme 1.10. Left, 
GPC traces from a polymerization at 24 °C; time points 15, 30, 45, 60, 90 s; 2, 5, 15, 45, 135 
min. Right, kinetics of “conversion” from low MW peak to high MW peak for a separate 
experiment at 30 °C. 
 
These data were initially interpreted according to a two-step polymerization in which low-MW 
material formed rapidly and then self-condensed by an unknown mechanism to give high MW 
polymers. However, this putative self-condensation seemed kinetically implausible because the 
“secondary process” did not follow the typical MW profile of a step-growth polymerization. The 
molecular weight of a step-growth polymer remains very low until the reaction is >90% 
complete. Furthermore, the PDI of an ideal step-growth polymer is 2. This seemed incompatible 
with the early, roughly linear increase in MW and the low polydispersity of the obtained high-
MW product in these experiments. 
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At this point we were fortunate to discover that a single organometallic product can be isolated 
from the activation of 4 with 25 (Scheme 1.11). Dimeric [Mo(CEt)(toba)]2 (26) is purified by 
flash chromatography in dichloromethane on silica and subsequent recrystallization from THF. 
The analytically pure, air-stable product is isolated as a THF solvate, 26 • 0.75 THF.  
 
 
Scheme 1.11. Synthesis of [Mo(CEt)(toba)]2 from trisamide 4. 
 
Diffraction-quality crystals were obtained by mixing a benzene solution of 26 with methanol and 
standing overnight. The structure was solved in C2/c with one-half of the dimeric molecule in the 
asymmetric unit (Figure 1.10). The molecule has a nearly planar Mo2O2 ring with alternating 
2.00 Å and 2.34 Å Mo-O bonds. Interestingly, the short intra-ring bond is between each Mo atom 
and the opposite toba fragment. The weak intra-ring bond (Mo1 to O30) is trans to the 
propylidyne, which is consistent with the strong trans influence of the RC3- ligand. The slightly 
































Figure 1.10. Molecular structure of [Mo(CEt)(toba)]2 (26). Black, carbon; red, oxygen; blue, 
nitrogen; purple, molybdenum. Atoms labeled “a” are generated by 1-x,y,3/2-z. 
 
A	   B	   d	  (Å)	  
	  Mo1	   C1	   1.740(4)	  
	  Mo1	   N1	   2.278(8)	  
	  Mo1	   O10	   1.940(9)	  
	  Mo1	   O20	   1.994(8)	  
	  Mo1	   O30	   2.342(2)	  
	  Mo1	   O30a	   2.002(2)	  
	  
	   	   	   	  A	   B	   C	   angle	  (°)	  
Mo1	   O10	   C11	   122.6(10)	  
Mo1	   O20	   C21	   119.3(8)	  
Mo1	   O30	   C31	   123.5(2)	  
Mo1	   O30a	   C31a	   131.2(2)	  
O30	   Mo1	   O30a	   75.57(9)	  
Mo1	   O30	   Mo1a	   103.66(9)	  
Mo1	   C1	   C2	   176.8(4)	  
 




Figure 1.11. Partial 1H NMR spectra of 26 (top) and 28a (bottom). Blue dots, benzylic protons 
on toba ligand; red dots, propylidyne CH2 and CH3. The spectrum of 28a was obtained by 
difference spectroscopy (see text). 
NMR spectra recorded in toluene or THF (Figure 1.11) indicate that the bridged dimer 26 
remains stable in solution, giving six inequivalent benzylic protons. I could locate no clear 
literature example of an aryloxo-bridged [M(toba)]2 dimer that gave an interpretable NMR 
spectrum.74,75 However, mononuclear trigonal bipyramidal complexes containing 
aminotriphenolate ligands are typically chiral with C3 symmetry and AX doublets for two 
inequivalent sets of three benzylic protons.72,76 Since the NMR spectra of [Mo(CEt)(toba)]2 are 
largely unchanged in coordinating or noncoordinating solvent, the dimer observed in the solid 
state is also the most likely solution-phase structure. 
 
We examined the reactivity of dimer 26 using cyclooctyne 23 as our model substrate (Table 1.2). 
At room temperature, 26 does not react with 23 in either toluene-d8 or THF-d8. Thermal cleavage 
at 100 °C of 26 in the presence of 23 results in slow metathesis polymerization, reaching 16% 
27	  
conversion after 1 hour. This exceptionally low reactivity highlights the stability of the 
aryloxide-bridged Mo2O2 dimer. 
 
Remarkably, the metathesis activity of dimer 26 is much higher under protic conditions. A 
solution of 26 in CD3OD/toluene-d8 reacts immediately with alkyne 23 to give insoluble poly-23. 
The polymerization of 5 equivalents 23 is complete within 2 hours at room temperature (Table 
1.2, entry 3). Poly-23 is obtained with a Mn of 5200 and a PDI of 1.6. The higher-than-
theoretical molecular weight and moderately high PDI indicate that initiation of new chains is 
somewhat slower than propagation.64 The reaction is not inhibited by air or water (entries 4-5). 
Chain growth continues to proceed for at least 8 hours if additional portions of 23 are added to 
the reaction mixture, which indicates that termination of growing chains is slow (Figure 1.12). 
This is the first example of a ROAMP reaction that proceeds in and is promoted by protic solvent. 
 
 
Table 1.2. ROAMP under aprotic and protic conditions. (a) Conversion measured by 1H 
spectroscopy. (b) 20% toluene added for solubility. (c) Under air in non-dry solvent. (d) Isolated 
yield. (e) Methanol containing 20% toluene and 5% water. 
Entry& Solvent& Temperature& Time&(h)& Yield&(%)& Mn& PDI&
1& THF?d8& RT& 1& 0
(a)& n.d.& n.d.&
2& toluene?d8& 100&°C& 1& 16
(a)& n.d.& n.d.&
3& CD3OD
(b)& RT& 2& >90(a)& 5200& 1.6&
4& MeOH(b,c)& RT& 2& 47(d)& 4000& 1.3&
5& MeOH/H2O


















Figure 1.12. Time-resolved polymerization of 23 initiated by 26 in THF/methanol under air. 
Arrows denote the addition of 5 equiv. 23. 
 
 
Scheme 1.12. Comparison of ligands 25 and 27. (a) Activation with 25: yield 60%, Mn 3200, 
PDI 1.2. (b) Activation with 27: yield 57%, Mn 6300, PDI 2.4. 
 
We tested our hypothesis that an electron-rich, weakly electrophilic catalyst would perform 
better in ROAMP by directly comparing ligand 25 with Zhang’s trinitro ligand 27 (Scheme 1.12). 
Trisamide 4 was activated in situ with the desired ligand and the resulting mixture was treated 
with methanol and then cyclooctyne 23. The catalyst derived from 27 is active toward ROAMP 
in the presence of methanol, but its high activity results in runaway chain growth as indicated by 
the high Mn and PDI of the resulting polymer. By contrast, the in situ activation of 4 with 25 



























To explain the reactivity of dimer 26 in the presence of methanol, we recorded 1H NMR spectra 
of 26 in mixtures of 20-80% CD3OD/toluene-d8. We obtained equilibrium mixtures of 26 with 
three new species detected by methyl triplets at δ 0.10, 0.01 and –0.53 (Figure 1.13). We refer to 
these species respectively as 28a, 28b and 28c and collectively as 28. At equilibrium under 
typical conditions, the proportions of 28a, 28b, 28c and unreacted 26 are respectively 24, 4, 1 
and 69 %. We propose that 28a is the mononuclear, octahedral complex depicted in Scheme 1. 
Plausible assignments of 28b and 28c include propylidene tautomers of 28a, a Mo3O3 trimer, or 
pentacoordinate 29, but our investigation of these species is hampered by their low concentration 
at equilibrium. 1H NMR difference spectroscopy (Figure 1.11) reveals that 28a has higher 
symmetry than 26, with well-resolved aryl, benzylic and propylidyne peaks. When the mixture of 
26 with 28 is concentrated to dryness and redissolved in toluene-d8, the dimer 26 is recovered in 
96% yield (Figure 1.40). 
 
Figure 1.13. Formation of an equilibrium  mixture when methanol is added to 26. (a) Dimer 26 












































propylidyne CH3 signal are shown. (b) The same sample after standing 30 min with 70% by 
volume CD3OD added. 
 
The following observations support our assignment of 28a: At different total concentrations of 
molybdenum, a plot of [28a]2 vs. [26] is linear, as expected for an equilibrium between a dimeric 
and a monomeric species (Figures 1.14 and 1.42). The observed equilibrium constant (Kobs = 
[28a]2 / [26]) varies linearly with the square of [CD3OD], implying that 28a contains a methanol 
ligand (Figures 1.14 and 1.43). When an NMR spectrum of 26/28 is obtained in CD3OH with 
solvent suppression (excitation sculpting77 with 180° flipback pulse, Figure 1.45), the methylene 
signal for the propylidyne ligand is still a quartet, which rules out α-protonated (propylidene) 
tautomers. Finally, DFT calculations predict that the trans stereoisomer of 7a (as shown) is more 




Figure 1.14. Effects of total molybdenum concentration (left) and methanol concentration (right) 
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Figure 1.15. (a) Structure of 23b and polymerization initiated by 26/CD3OD. Poly-23b denotes 
initiated chain ends. 26 is counted as total [Mo] so that all concentrations are directly comparable. 
28b and 28c are omitted. (b) Kinetics of polymerization from part a. 
Kinetic observations of the polymerization of methanol-soluble cyclooctyne 23b (Figure 1.15a) 
implicate methanol adduct 28a as an important intermediate in the metathesis of alkynes with the 
26/MeOH system. When we dissolved dimer 26 in 4:1 CD3OD/toluene-d8, equilibrium was 
established between 26 and 28a. After 1 hour, we added 5 equivalents of PEG-solubilized 23b to 
the mixture. Within 5 minutes we observed the near-total disappearance of intermediate 28a and 
the appearance of polymer chain ends, which were quantified by their 1H methyl signal at δ 1.16. 
As the reaction proceeded, the signal for chain ends continued to grow at the expense of the 








































	  	  	  












From these observations we infer (Figure 1.15b) that dimer 26 reacts slowly with methanol to 
form mononuclear 28a. This process requires a protic environment, not simply the presence of a 
2-electron donor, as demonstrated by the attempted polymerization of 23 by 26 in THF (Table 
1.2, entry 2). Complex 28a loses methanol to generate a small equilibrium concentration of the 
active species 29, which is trapped by strained alkyne 23b to give ring-opened polymers. These 
two steps occur rapidly and consume 28a almost quantitatively within 5 minutes. After 
cyclooctyne 23b is consumed (approximately 100 minutes, see Figure 1.50), the equilibrium 
between 26 and 28a is re-established. 
 
As the reaction with alkyne 23 proceeds, the conversion of molybdenum propylidynes to 
polymer chain ends occurs in 55% yield. We hypothesize (Scheme 1.13) that the remaining 45% 
comprise side products arising from metallacyclic metathesis intermediates,14,78 since the 
initiator in the absence of alkynes is stable toward methanol. Side reactions evidently occur more 
often in the initial reaction of 23 with propylidyne 29. If every ring-opening event proceeded 
with 55% efficiency, less than 1% of chains would reach the observed average molecular weight 
of 10 units. We surmise that the metallacycle formed by the addition of 23b to poly-23b does not 
react with methanol. Rapid fragmentation of this intermediate leads to well-behaved propagation 
of the metathesis polymerization. By contrast, the ethyl-substituted metallacycle formed by the 
initial addition of 23b to propylidyne 29 is susceptible to reactions with methanol that give 
products we have not yet isolated. It is possible that the propylidyne β-H atoms are important or 





Scheme 1.13. Partial decomposition of initially formed metallacyclic intermediate. 
 
We have attempted cross-metathesis reactions of unstrained alkynes with dimer 26 or Zhang’s 
4/27 system in the presence of methanol, but this leads to disappearance of the catalyst with no 
detectable formation of metathesis products. As described above, catalyst death apparently 
occurs by degradation of metallacyclic metathesis intermediates. The problem is worse for 
unstrained alkynes because there is no ring strain promoting the fragmentation of 
metallacyclobutadiene to alkyne and metal alkylidyne. In order to achieve acyclic cross-
metathesis under protic conditions, it will be necessary to adjust the energetics of the 
metallacycle/alkyne equilibrium so that the metallacyclic intermediate is accessible but very 
short-lived. 
 
As an extension, we demonstrate (Scheme 1.14) that this catalytic system is able to initiate 
ROAMP in the presence of acidic functional groups such as phenols. Because pure phenol 23c is 
difficult to isolate, we developed a tandem photolysis-polymerization of masked alkyne 30. A 
THF/MeOH suspension of 30 with 20 mol % of dimer 26 was photolyzed for 2 hours, then 
concentrated and treated with TIPSCl/Et3N in DMF to solubilize the resulting polymer for 
























Scheme 1.14. Tandem decarbonylation and polymerization of cyclopropenone 30. (a) hv, 26 (20 
mol %), 3:7 THF:MeOH; not isolated. (b) (iPr)3SiCl, Et3N, DMF; 72% (2 steps), Mn 6300, PDI 
1.3.  
In summary, the toba ligand gives remarkable stability to molybdenum alkylidynes. The dimeric 
precatalyst 26 is inert to ambient conditions and requires a protic environment to restore its 
alkyne metathesis activity. The tetradentate binding of the toba ligand completely prevents 
catalyst deactivation through alkoxo ligand exchange. However, the modest yield of ArC≡CEt 
chain ends from the [Mo]≡CEt initiator indicates that another deactivation mechanism operates 
on the metallacyclic intermediate of the metathesis polymerization. Nonetheless, 26 polymerizes 
cyclooctynes with unprecedented convenience and substrate compatibility.   
 










1.4. Additional studies on activation of dimer 26. 
Since the 26/methanol system failed to metathesize unstrained alkynes, we looked for an additive 
that might activate 26 in catalytic or stoichiometric (instead of superstoichiometric) amounts. As 
a test platform, we employed the polymerization of cyclooctyne 23, since the highly strained 
alkyne is a sensitive test for metathesis reactivity. We attempted to polymerize 23 by reaction 
with 26 (10 mol %) and additives (50 mol %) at 60 °C in toluene-d8. The additives and results 
are shown in Table 1.3. 
 
 
Table 1.3. Attempted polymerization of 23 by 26 with various additives.  
 
Dimer 26 was not activated by protic or Lewis acids (BF3, acetic acid, trifluoroacetic acid) or 
bases/nucleophiles (dimethylaniline, tetramethylpiperidine, dodecanethiol, 2-pyrrolidinone). The 
only activating ligands with a significant effect were moderately electron-deficient phenols. This 
fits interestingly with the long history of phenols as privileged supporting ligands for alkyne 
metathesis catalysts. In this case it appears that some mild acidity is required to promote the 
dissociative fragmentation of the inactive dimer; the phenol may have an additional role of 

















Additive'(50'mol'%) Conversion'(%) Additive'(50'mol'%) Conversion'(%)
Trifluoroethanol 4 BF3=OEt2 0
t=butanol 0 Acetic'acid 0
4=nitrophenol 29 Trifluoroacetic'acid Reacts
2,6=dimethylaniline 3 2=pyrrolidinone 0
Tetramethylpiperidine 0 3=bromophenol 13
2,4,6=trimethylphenol 0 4=methylphenol 0
C12H25SH 0 2=salicylaldehyde'N=phenylimine 0
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we achieved only low conversion of this highly reactive cyclooctyne, we surmised that this 
strategy would not lead to a highly active catalyst for alkyne cross-metathesis. 
 
In the reaction with trifluoroacetic acid, we observed that 23 and 26 were both converted to 
unknown products. We reacted 26 with trifluoroacetic acid on a preparative scale to characterize 
the metal-containing products of this reaction (Scheme 1.15). Treatment with 4 equivalents of 

































Figure 1.16. Molecular structure of TFA adduct 31. Purple, molybdenum; black, carbon; red, 
oxygen; blue, nitrogen; green, fluorine; white circle, hydrogen. Hydrogen atoms, a minor 
position of the disordered propylidyne CH3, and a hydrogen-bonded trifluoroacetic acid molecule 
are omitted for clarity. Atoms labeled “a” are generated by the symmetry operation 1-x,1-y,1-z. 
 
 
Table 1.4. Bond lengths and angles in TFA adduct 31.  
 
A B d$(Å) A B C Angle$(°)
Mo1 C1 1.735(9) Mo1 C1 C2 177.6(6)
Mo1 O10a 1.981(5) Mo1 O10a C11a 130.1(5)
Mo1 O20a 2.000(5) Mo1 O20a C21a 129.9(5)
Mo1 O20 2.467(6) Mo1 O20 C21 123.4(5)
Mo1 O30 1.983(5) Mo1 O30 C31 136.9(5)
Mo1 O40 2.107(6) Mo1 O40 C41 129.6(6)
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Compound 31 has a rearranged tobaH scaffold with a novel double-bidentate κ2O,O’-κ2O’,O’’ 
binding geometry (Figure 1.16). For each tobaH ligand, one arm binds terminally to each metal 
and one arm is shared unequally with Mo-O distances of 2.000(5) and 2.467(6) Å. In all known 
homobimetallic structures [M(toba)]2, the three arms of each toba ligand bind to a single metal 
because the associated metal-nitrogen bond constrains the geometry.74,79–81 This tetradentate 
binding preference is reversed in this case by protonating the toba amine to form a 
trifluoroacetato molybdenate complex. 
 
The TFA adduct 31 was very sparingly soluble, but it could be dissolved in THF-d8 to obtain a 
1H NMR spectrum and test for alkyne metathesis activity. It failed to react with 4-
propynylanisole at 60 °C, which indicates the OCOCF3 ligand (cis to the alkylidyne) is too 
strongly bound to open a coordination site. 
 
We pursued another route to mononuclear Mo(CR)(toba) complexes from a Mo(CR) 
fluoroalkoxide precursor. Mo(CPh)(OC(CF3)2Me)3(dme) (32)23,55,57 was reacted with tobaH3 in 
toluene at room temperature and concentrated in vacuo to remove the byproduct HOC(CF3)2Me. 
The monofluoroalkoxide 33 was obtained in good purity as an orange powder (Scheme 1.16). 
The crude product retained a variable amount of DME even after repeated concentration from 
portions of toluene. Recrystallization on a preparative scale was unsuccessful, but an X-ray 
quality crystal of 33 was obtained by vapor diffusion of pentane into a concentrated toluene 
solution. The crystal was obtained as a hydrate containing 0.75 H2O per molecule of 33 (Figures 
1.17 and 1.18). There were two different packing configurations for 1 and 2 waters of hydration; 
the two configurations were present as a disordered mixture.  
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Scheme 1.16. Synthesis of mononuclear toba complex 33 by replacement of alkoxide ligands. 
 
Figure 1.17. Molecular structure of 33. Purple, molybdenum; black, carbon; red, oxygen; blue, 
nitrogen; green, fluorine. The C(CF3)2Me group and one arm of the ligand were disordered over 
two positions in a 1:1 ratio; one position is omitted for clarity.  
 
Table 1.5. Bond lengths and angles in 33 (one of the two independent molecules). When two 






















A B d$(Å) A B C Angle$(°)
Mo1 C1 1.750(3) Mo1 C1 C2 174.10(19)
Mo1 O10 1.9643(19) Mo1 O10 C10 119.30(15)
Mo1 O20 2.399(11) Mo1 O20 C20 124.2(7)
2.333(11) 122.0(7)
Mo1 O30 1.9701(19) Mo1 O20 C21 123.4(5)
Mo1 O40 1.9476(17) Mo1 O30 C30 123.67(16)





Figure 1.18. Hydrogen bonding in the “2 waters” configuration of 33. The protons on one of the 
water molecules could not be located in Fourier maps and are omitted from the model. 
 
The O-H proton in this mononuclear toba complex was located on the benzyloxo arm trans to the 
benzylidyne ligand. This result is expected because the strong trans influence of the “RC3-” 
ligand makes this Mo-O bond the weakest one. The RC3- trans influence is also apparent in the 
long (approximately 2.35 Å) Mo-O bond. Unfortunately, since the weak Mo-O bond is stabilized 
by the chelate effect, 33 does not have an obvious pathway to open a coordination site cis to the 
benzylidyne to activate it for alkyne metathesis.  
 
Nonetheless, we tested for metathesis activity by treating crude 33 with 4-propynylanisole at 
60 °C (Scheme 1.17). There was no conversion of the alkyne. When the reaction was performed 
at high concentration in toluene that had not been dried, we observed the formation of fine, red, 
totally insoluble needles with the evolution of HOC(CF3)2Me. We investigated further and found 
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that a solution of 33 heated in wet benzene for 30 min. would deposit copious, pink, diffraction-
quality plates of insoluble [MoO(toba)]2 (34).  
 
 
Scheme 1.17. Reactivity of mononuclear toba complex 33. 
 
We determined the structure of [MoO(toba)]2 as a benzene solvate (Figure 1.20). The Mo(V) 
dimer has an Mo-Mo bond of 2.8026(6) Å, which is typical of dinuclear Mo(V) complexes 
bridged by two µ-RO- ligands (7 examples, average d(Mo-Mo) 2.78 ± 0.04 Å).82–87 Its complete 
insolubility in common solvents prevented any characterization of its reactivity, but we note that 
it is the first example of a Mo(V) complex obtained as a hydrolysis product of molybdenum 
alkylidynes. Furstner has previously described the isolation of Mo(VI) dimetallatetrahedrane, 
oxo-bridged Mo(IV) dimers, and mononuclear dioxo Mo(VI) hydrolysis products of siloxo-
supported molybdenum alkylidynes (Figure 1.19).54 Unfortunately, as Furstner also found, we 
were unable to characterize any trace of the organic products of this hydrolysis reaction. 
 
 


































Figure 1.20. Molecular structure of [MoO(toba)]2 (34). Purple, molybdenum; black, carbon; red, 
oxygen; blue, nitrogen. Hydrogen atoms and two benzene molecules are omitted. Atoms labeled 
“a” are generated by 1-x,1-y,1-z. 
 
Table 1.6. Bond lengths and angles in Mo(V) dimer 34.  
A B d$(Å) A B C Angle$(°)
Mo1 Mo1a 2.8026(6) Mo1 O10 Mo1a 85.22(5)
Mo1 O1 1.6953(18) Mo1 O10 C11 131.78(12)
Mo1 O10 2.1022(13) Mo1 O10a C11a 140.26(16)
Mo1 O10a 2.0370(14) Mo1 O20 C21 130.14(13)
Mo1 O20 2.0001(17) Mo1 O30 C31 131.66(12)
Mo1 O30 1.9635(14) Mo1 O20 C21 123.4(5)
Mo1 N1 2.2441(17) Mo1 O30 C30 123.67(16)
Mo1 O40 C40 132.7(4)
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1.5. Conclusion. 
The Mo(CR)(toba) family is extraordinarily well suited for ROAMP, which requires moderate 
reactivity with precise control of the environment of the reactive center. Air-stable dimer 26 
reacts with methanol under ambient conditions to generate in situ a mononuclear alkylidyne that 
we characterized by NMR and kinetic studies. The 26/methanol system is inert toward unstrained 
alkynes, which affords useful selectivity for living ROAMP without backbiting or chain transfer. 
 
We have not found an isolable catalyst or an activating protocol that affords cross-metathesis 
reactivity comparable to previously described fluoroalkoxo, aryloxo and siloxo catalysts. The 
preferred Mo(VI)-toba binding geometry places a weak Mo-O bond in the position trans to the 
alkylidyne ligand, which does not permit the productive coordination of an incoming alkyne. 
This preference is only overcome by the addition of a large excess of a protic throwaway ligand, 
which in turn limits the substrate scope to highly reactive cycloalkynes. 
 
In our search for a highly active cross-metathesis catalyst, we characterized trifluoroacetato 
complex 31 as the first example of a double-bidentate κ2O,O’-κ2O’,O’’-coordinated toba-type 
ligand, a coordination geometry that becomes possible when the toba nitrogen is protonated. We 
also characterized Mo(V) oxo dimer 34 as the first example of an Mo(V) product of alkylidyne 
hydrolysis. 
 
Future studies may use ortho-substituted toba ligands to promote the formation of reactive, 
mononuclear trigonal-bipyramidal complexes (see 29, Figure 1.15) while continuing to harness 
the exceptional stability of the tetradentate (toba)Mo binding motif.  
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1.6. Single-crystal X-ray diffraction. 
I am grateful for the expertise of Aaron Sattler, who collected an initial data set from a poor 
crystal of compound 26; Yi Rong, who collected data for compounds 26 and 31; and Michelle 
Neary, who collected data for compound 33.  
 
Data for compounds 26, 31, and 33 were collected on a Bruker Apex II diffractometer using 
graphite-monochromated Mo Kα radiation. Bruker SAINT was used for integration, scaling and 
numerical absorption correction. Data for compound 34 was collected on an Agilent SuperNova 
diffractometer using mirror-monochromated Cu Kα radiation. Data collection, integration, 
scaling (ABSPACK) and absorption correction (face-indexed Gaussian integration88 or numeric 
analytical methods89) were performed in CrysAlisPro (Version 1.171.37.35, 2014). Structure 
solution was performed using ShelXS,90 ShelXT,91 or SuperFlip.92 Subsequent refinement was 
performed by full-matrix least-squares on F2 in ShelXL.90 Olex293 was used for viewing and to 
prepare CIF files. PLATON94 was used extensively for SQUEEZE,95 ADDSYM96 and 
TwinRotMat. Many disordered solvent molecules were modeled as rigid fragments from the 
Idealized Molecular Geometry Library.97 ORTEP graphics were prepared in CrystalMaker. 
Thermal ellipsoids are rendered at the 50% probability level. 
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Crystal structure of compound 26: 
A benzene solution of [Mo(CEt)(toba)]2 was diluted with methanol and allowed to stand at room 
temperature. After 1 day, the mixture deposited small red X-ray quality crystals. Yi Rong 
collected diffraction data from a suitable crystal (0.14 x 0.10 x 0.10 mm) on a Bruker Apex II 
diffractometer at 130 K. Complete data were collected to 0.800 A. 29877 reflections were 
collected (5162 unique, 3474 observed) with R(int) 10.0% and R(sigma) 6.8% after empirical 
absorption correction (Tmax .948, Tmin .928).  
 
The data set had clean absences for Cc or C2/c, and a solution in C2/c appeared satisfactory. The 
dimeric molecule is located on a twofold axis extending vertically through the center of the 
nearly planar Mo2O2 ring. All non-H, non-solvent atoms were located rapidly in difference maps. 
The propylidyne methyl was disordered over two positions and close inspection revealed that 
this disorder was coupled to a disorder of the two adjacent arms of the toba ligand. This disorder 
was refined with a single free variable using SAME and RIGU restraints for the disordered 
atoms.  
 
All H atoms were placed in calculated positions and refined with riding coordinates and isotropic 
ADPs.  
 
The structure contains long channels filled with disordered benzene molecules. The difference 
map had some features but the disorder was extensive and not easily modeled. The structure was 
analyzed with PLATON SQUEEZE,95 which estimated the solvent content as 315 electrons (8 
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benzene molecules) per unit cell. This was modeled as a diffuse contribution to the overall 
scattering.  
 
The final refinement (5162 data, 495 restraints, 425 parameters) converged with R1 (Fo > 4σ(Fo)) 




Figure 1.21. Molecular structure of [Mo(CEt)(toba)]2 (26). Black, carbon; red, oxygen; blue, 
nitrogen; purple, molybdenum. Hydrogen atoms and the minor position of the disorder described 





Crystal structure of compound 31: 
A benzene solution of [Mo(CEt)(toba)]2 (26) was treated at 75 °C with 4 equivalents 
trifluoroacetic acid. After 30 min., the mixture was cooled to room temperature, causing the 
formation of small red X-ray quality crystals of [Mo(CEt)(tobaH)(O2CCF3)]2. Yi Rong collected 
diffraction data from a suitable crystal (0.22 x 0.13 x 0.08 mm) on a Bruker Apex II 
diffractometer at 130 K. Complete data were collected to 0.800 A. 17503 reflections were 
collected (6019 unique, 3488 observed) with R(int) 14.1% and R(sigma) 16.7% after empirical 
absorption correction (Tmax .9589, Tmin .8924).  
 
The structure solved readily in P-1 with one-half of the molecular dimer in the asymmetric unit. 
The data were slightly weak and the difference maps were noisy but all non-H atoms appeared 
after several cycles of refinement, including an apparent molecule of trifluoroacetic acid 
hydrogen-bonded to the C=O of the trifluoroacetato ligand. The terminal carbon of the 
propylidyne group was disordered in a 53:47 ratio over two independent positions that were 
stabilized with SAME and RIGU. All other non-H atoms were refined anisotropically with no 
restraints.  
 
On the basis of charge balance, the asymmetric unit should contain two X-H protons. One proton 
appeared clearly in the difference map on the toba nitrogen. This H atom was refined with the N-
H distance restrained and a free isotropic thermal factor. The thermal factor refined to 0.03(2) 
Å2, comparable to the equivalent isotropic ADP 0.031(2) Å2 of the nitrogen atom.  
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The trifluoroacetato ligand shows an apparent hydrogen bond to a free TFA molecule, with a 
short O…O distance of 2.56(1) Å. An analysis of bond lengths (Figure 1.22) supports this 
interpretation. The difference map showed some poorly defined density between the two oxygen 
atoms. When a hydrogen atom is placed on the trifluoroacetic acid O atom and refined with free 
isotropic ADP and O-H distance restrained to 0.84 Å, the thermal factor refines to a reasonable 
0.05(3) Å2, comparable to the equivalent isotropic ADP 0.057(2) Å2 of the parent O atom.  
 
(a)   (b)  
Figure 1.22. (a) Bond lengths in hydrogen-bonded Mo(O2CCF3)(HO2CCF3) assembly. (b) Final 
structure.  
 
C-H hydrogens were placed in calculated positions and refined with riding coordinates and 
isotropic ADPs. The final refinement (6019 data, 10 restraints, 406 parameters) converged with 
R1 (Fo > 4σ(Fo)) = 8.8%, wR2 = 24.0%, S = 1.00. The largest Fourier features were 1.57 and -





Figure 1.23. Molecular structure of [Mo(CEt)(tobaH)(O2CCF3)]2. Black, carbon; red, oxygen; 
blue, nitrogen; navy, molybdenum. Hydrogen atoms, the minor position of the disordered 
propylidyne CH3, and a hydrogen-bonded trifluoroacetic acid are omitted for clarity. 
 
Crystal structure of compound 33: 
A toluene solution of Mo(CPh)(toba)(OtBuF6) was diluted with pentane by vapor diffusion. This 
caused mainly the precipitation of amorphous solids, but some small yellow needles were also 
deposited. Michelle Neary collected diffraction data from a suitable needle (.27 x .08 x .04 mm) 
on a Bruker Apex II diffractometer at 130 K. Complete data (99.9%) were collected to 0.805 A. 
72192 reflections were collected (12166 unique, 9163 observed) with R(int) 6.4% and R(sigma) 
4.3% after empirical absorption correction (Tmax .745, Tmin .674).  
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The space group was assigned as P21/n based on the systematic absences. The structure solved 
readily in ShelXS with two independent molecules in the asymmetric unit. All non-solvent, non-
H atoms were located in Fourier maps, but several arms of the toba ligands suffered from 
severely elongated anisotropic ADPs that indicated the presence of disorder. Between the two 
independent molecules there were two Fourier peaks of approximately 8 and 4 e- Å-3. These were 
modeled as one fully and one partly occupied water molecule. It was apparent that the partly 
occupied water molecule was responsible for the substantial disorder. With the use of a single 
free variable for the whole disorder, two models were developed for the disordered part of the 
molecule, one model for 1 co-crystallized water and another for 2 co-crystallized waters. The 
occupancy ratio of the two positions refined to 0.5. 
 
C-H hydrogens were placed in calculated positions and refined with riding coordinates and 
ADPs. Some O-H protons could be located in Fourier maps. The protons on one of the 
disordered toba ligands were located on the arm trans to the benzylidyne ligand and refined with 
restrained O-H distance and riding isotropic ADP. The protons on two of the three independent, 
partially occupied water molecules were also located in difference maps and refined with riding 
isotropic ADPs and 1,2 and 1,3 distances restrained. The O-H proton on the other independent 
toba ligand could only be located in one of its two disordered positions. The protons on the final 
(partially occupied) water failed to appear in Fourier maps and no attempt was made to include 
them in the model.  
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The final refinement (12166 data, 1229 parameters, 1257 restraints) converged with R1 (Fo > 
4σ(Fo)) = 3.4%, wR2 = 7.7%, S = 1.01. The largest Fourier features were 0.59 and -0.46 e- A-3.  
(a)  
(b)  
Figure 1.24. Two disordered configurations of the asymmetric unit in monoclinic 
Mo(CPh)(toba)(OtBuF6). Black, carbon; red, oxygen; blue, nitrogen; green, fluorine; navy, 
molybdenum; white spheres, hydrogen. C-H hydrogens are omitted. (a) contains two waters of 
crystallization and (b) contains one water. One O-H proton and the protons on one of the waters 
in (a) could not be located in difference maps and therefore were omitted from the model.  
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Figure 1.25. One of the two independent molecules of Mo(CPh)(toba)(OtBuF6). The structure is 
taken from the “two waters” conformation of Figure 1.24a.  
 
Crystal structure of compound 34: 
A solution of Mo(CPh)(toba)(OC(CF3)2CH3) in benzene from an old bottle was heated under air 
at 65 °C for 1 h. The pale brown solution deposited copious, pink, X-ray quality crystals of 
[Mo(O)(toba)]2 (34). A suitable crystal (.07 x .05 x .02 mm) was mounted with the aid of STP oil 
treatment and cooled to 100 K on the diffractometer. Complete data (98.6%) were collected to 
0.833 A and 96.0% completeness to 0.803 A. 6777 reflections were collected (4109 unique, 3749 
observed) with R(int) 2.0% and R(sigma) 3.2% after analytical absorption correction (Tmax 
.910, Tmin .808).  
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The structure was solved easily in P21/c using ShelXT. The product is a dimer located on an 
inversion center with ½ molecule in the asymmetric unit. There are also two half-benzene 
molecules in the asymmetric unit, one of which was disordered by rotation in its plane. All other 
non-H atoms were refined anisotropically with no restraints.  
 
All H atoms were placed in calculated positions and refined with riding coordinates and isotropic 
ADPs. The final refinement (4109 data, 63 restraints, 326 parameters) converged with R1 (Fo > 
4σ(Fo)) = 2.3%, wR2 = 5.5%, S = 1.05. The largest Fourier features were 0.32 and -0.54 e- A-3. 
 
Figure 1.26. Molecular structure of [Mo(O)(toba)]2 (34). Black, carbon; red, oxygen; blue, 
nitrogen; purple, molybdenum.  Hydrogen atoms and two benzenes of solvation are omitted. 
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1.7. Synthetic methods. 
Reagents were purchased from Sigma-Aldrich, Strem or Cambridge Isotopes and used without 
further purification unless noted. Most solvents were vacuum transferred from an appropriate 
drying agent (toluene and toluene-d8, sodium/benzophenone/tetraglyme; THF and THF-d8, 
sodium/benzophenone; methanol-d4, magnesium methoxide). Dichloromethane, 
dimethylformamide, and methanol were obtained from a solvent purification system. Methanol-
d3 was purchased in a glass ampule and used without further purification.  
 
Reactions were performed in flame- or oven-dried glassware using standard inert-atmosphere 
techniques. Flash chromatography was performed on a Teledyne ISCO CombiFlashRf using 
RediSepRf silica gel columns. 1H (300 or 500 MHz) and 13C (75 or 125 MHz) nuclear magnetic 
resonance spectra were recorded at 298 K on Bruker spectrometers. Chemical shifts are 
referenced to the solvent residual peak (1H: CDCl3, 7.26 ppm; DMSO-d6, 2.50 ppm; toluene-d8, 
2.09 ppm; THF-d8, 3.58 ppm. 13C: CDCl3, 77.16 ppm; DMSO-d6, 39.52 ppm; THF-d8, 67.21 
ppm; CD2Cl2, 53.84 ppm.) Resonance peaks are classified as singlet (s), doublet (d), triplet (t), 
multiplet (m), and broad (br). High-resolution mass spectra were recorded on a JMS-HX110 HF 
mass spectrometer (ionization mode: FAB+). MALDI mass spectra were recorded on a AB 
SCIEX Voyager DE MALDI. GPC measurements were taken on a Varian PL-GPC 50 Plus 
equipped with a guard column and two Polypore (300 mm) columns, calibrated to polystyrene 
standards, and detected by absorption at 254 nm. NMR samples of organometallic compounds 
were prepared in Wilmad quick pressure valve NMR tubes purchased from Sigma-Aldrich.  
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Abbreviations: DMF, N,N-dimethylformamide; DMSO, dimethyl sulfoxide; GPC, gel 
permeation chromatography; MALDI-MS, matrix assisted laser desorption-ionization mass 
spectrometry; Mn, number-averaged molecular weight; PDI, polydispersity index; PEG, 
poly(ethylene glycol); ROAMP, ring-opening alkyne metathesis polymerization; toba, tris(2-
oxybenzyl)amine; THF, tetrahydrofuran; TIPS, trisopropylsilyl. 
 
Synthesis and characterization of cyclooctyne monomers: 
 
Scheme 1.18. Reagents and conditions: (i) tetrachlorocyclopropene, AlCl3, CH2Cl2, -78 °C to 
r.t.; 45%. (ii) BBr3, CH2Cl2, -78 °C to r.t.; 87%. (iii) (iPr)3SiCl, Et3N, DMF, r.t.; 98% (37). (iv) 
TsO(CH2CH2O)4Me, K2CO3, DMF, r.t. to 50 °C; 84% (37b). (v) hv, THF; 82% (23); 72% (23b). 
 
4,9-dimethoxy-6,7-dihydro-1H-dibenzo[a,e]cyclopropa[c][8]annulen-1-one (36): Synthesized by 
a modification of the procedure of Fischer and Nuckolls.40 A 1000 mL round-bottom flask was 
charged with AlCl3 (5.26 g, 39.5 mmol, 1.05 eq.) and dichloromethane (500 mL). The mixture 
was cooled to -78 °C and tetrachlorocyclopropene (4.3 mL, 37.6 mmol, 1 eq.) was added by 
syringe. 1,2-bis(3-methoxyphenyl)ethane (35, 9.1 g, 37.6 mmol) was dissolved in 
dichloromethane (50 mL) and added slowly by syringe with an additional 5 mL rinse. The 




















mL) was added and the biphasic mixture was shaken vigorously and filtered over a large pad of 
Celite, which was rinsed with several portions of dichloromethane. The organic layer of the 
filtrate was separated, washed with brine, dried (MgSO4) and concentrated by rotary evaporation. 
The residue was purified by flash chromatography (1:1 dichloromethane:ethyl acetate) to afford 
the title compound as a white solid, 4.9 g, 45%. Characterization data as previously reported.1 
 
4,9-dihydroxy-6,7-dihydro-1H-dibenzo[a,e]cyclopropa[c][8]annulen-1-one (30): Synthesized by 
a modification of the procedure of Fischer and Nuckolls.1 A 200 mL round-bottom flask was 
charged with methyl ether 36 (1.46 g, 5 mmol) and dichloromethane (50 mL) and cooled to -78 
°C. Boron tribromide (2.83 mL, 30 mmol, 6 eq.) was added dropwise by syringe and the mixture 
was stirred at -78 °C for 30 min, then at room temperature for 2.5 h. The reaction was quenched 
by adding methanol (15 mL, very exothermic) and the flask was placed on a rotary evaporator 
connected to vacuum via a drying tower filled with KOH pellets. The mixture was concentrated 
to a pink paste and coevaporated with two additional portions of methanol. The residue was 
suspended in 95% ethanol (100 mL), stirred for 5 min and then filtered to afford the title 
compound as a tan solid containing minor impurities, 1.15 g, 87%. A portion of this product was 
purified by dissolving in 2.5 M aqueous KOH, acidifying with 2M aqueous HCl, collecting the 
heavy white precipitate by filtration, rinsing with water and 95% ethanol and drying under 
vacuum to afford pure 30. The characterization data are consistent with those previously 
reported40: mp >260 °C; 1H NMR (300 MHz, DMSO-d6) δ 10.36 (s, 2H), 7.67 (d, J = 8.2 Hz, 
2H), 6.87 (d, J = 2.4 Hz), 6.82 (dd, J = 8.2, 2.4 Hz) 3.38-3.27 (m, 2H), 2.50-2.34 (m, 2H); 13C 
NMR (126 MHz, DMSO-d6) δ 161.34, 152.46, 148.55, 141.56, 135.48, 117.35, 115.06, 114.35, 




Obtained in 98% yield from 7 following the procedure of Sedbrook, et al.41 
 
4,9-bis(2,5,8,11-tetraoxatridecan-13-yloxy)-6,7-dihydro-1H-
dibenzo[a,e]cyclopropa[c][8]annulen-1-one (37b): A vial was charged with a stir bar, diol 7 (100 
mg, 0.38 mmol), dimethylformamide (1.5 mL), K2CO3 (313 mg, 2.3 mmol, 6 eq.), and 
TsO(CH2CH2O)4Me98 (411 mg, 1.13 mmol, 3 eq.). The vial was closed with a screw cap and the 
suspension was stirred vigorously at room temperature for 12 h and at 50 °C for 12 h. The 
mixture was cooled to room temperature and filtered over a short silica plug eluted with 100 mL 
of 1:10 MeOH:dichloromethane. The filtrate was concentrated to an oil and purified by flash 
chromatography, 0-10% MeOH:dichloromethane, to afford the title compound as a colorless oil, 
206 mg, 84%. 1H NMR (500 MHz, CDCl3): δ 7.93 (d, J = 8.3 Hz, 2H), 6.95-6.86 (m, 4H), 4.21 
(dd, J = 5.6, 4.1 Hz, 4H), 3.92-3.86 (m, 4H), 3.77-3.61 (m, 20H), 3.57-3.50 (m, 4H), 3.37 (s, 
6H), 3.37-3.28 (m, 2H), 2.67-2.56 (m, 2H). 13C NMR (126 MHz, CDCl3): δ 161.63, 153.71, 
147.77, 142.31, 135.72, 116.56, 116.35, 112.40, 71.91, 70.87, 70.63, 70.61, 70.59, 70.50, 69.49, 
67.68, 59.02, 37.14. HRMS (m/z): [M+H]+ calcd. for C35H49O11, 645.3275; found, 645.3277. 
 
3,8-di(triisopropylsilyl)-5,6-dihydro-11,12-didehydrodibenzo[a,e]-[8]annulene (23): Synthesized 
by a modification of the procedure of Sedbrook, et al.2 A 50 mL solvent storage tube was 
charged with cyclopropenone 37 (475 mg, 0.82 mmol) and THF (10 mL). The solution was 
degassed by three freeze-pump-thaw cycles, sealed under vacuum and stirred for 3 h under 
irradiation from a medium pressure mercury lamp. The resulting yellow solution was 
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concentrated to an oil and purified by two successive flash columns (100% hexanes) to afford the 




[8]annulene (23b): A 25 mL solvent storage tube was charged with cyclopropenone 37b (150 
mg, 0.23 mmol) and THF (2 mL). The solution was degassed by three freeze-pump-thaw cycles, 
sealed under vacuum and stirred for 3 h under irradiation from a medium pressure mercury lamp. 
The resulting orange solution was concentrated to an oil and purified by flash chromatography, 
0-10% MeOH/dichloromethane, to afford the title compound as a colorless oil, 103 mg, 72%. 1H 
NMR (300 MHz, CDCl3) δ 7.20 (d, J = 8.4 Hz, 2H), 6.91 (d, J = 2.6 Hz, 2H), 6.79 (dd, J = 8.4, 
2.6 Hz, 2H), 4.16 (dd, J = 5.7, 4.2 Hz, 4H), 3.87 (dd, J = 5.8, 4.0 Hz, 4H), 3.80-3.50 (m, 24H), 
3.39 (s, 6H), 3.29-3.14 (m, 2H), 2.54-2.35 (m, 2H). 13C NMR (126 MHz, CD2Cl2) δ 158.77, 
155.41, 126.94, 117.08, 116.67, 112.33, 110.72, 72.29, 71.15, 70.96, 70.92, 70.88, 70.77, 69.97, 
68.01, 59.00, 37.00. HRMS (m/z): M+ calcd. for C34H48O10, 616.3247; found, 616.3276. 
 
 Synthesis of toba-supported dimer 26: 
 






























Tris[N-(tert-butyl)(3,5-dimethylphenyl)-amido]molybdenum(VI) propylidyne (4): Synthesized 
by the method of Zhang, et. al.39 The title compound was crystallized from hexanes as a pale 
beige powder. 
 
Tris(2-hydroxybenzyl)amine (25): Synthesized by the method of Prins, et. al.71 The title 
compound was obtained in 37% yield from tris(2-benzyloxybenzyl)amine after two 
crystallizations from hot toluene to remove an impurity of bis(2-hydroxybenzyl)amine. 
 
[Tris(2-oxybenzyl)ammine]molybdenum(VI) propylidyne dimer (26): A 250 mL Schlenk flask 
was charged with trisamide 4 (889 mg, 1.33 mmol, 1.1 eq.) and toluene (65 mL), sealed with a 
septum, and cooled to -78 °C. Tris(2-hydroxybenzyl)amine 25 (400 mg, 1.20 mmol, 1 eq.) was 
added by removal of the septum. The cooling bath was allowed to expire and the mixture turned 
from light amber to green and then dark red-brown. After 36 h, the solution was transferred to a 
round-bottom flask containing silica gel (6 g) and concentrated to dryness by rotary evaporation. 
The crude product on silica gel was purified by flash chromatography (100% dichloromethane; 
the product elutes before a large quantity of N-t-butyl-3,5-dimethylaniline). The resulting orange 
solid was transferred in the glove box to a 10 mL Schlenk flask with 2 mL of THF. The 
suspension was heated and swirled for several minutes until all solids dissolved, then cooled 
slowly to r.t. and then to -20 °C overnight, causing bright red crystals to deposit. The supernatant 
was removed by syringe and the crystals were dried under vacuum for 24 h. The title compound 
was obtained as brick-red crystalline (EtCMo-TOBA)2(THF)0.75, 217 mg (35%). mp: slowly 
darkens 200-250 °C; 1H NMR (500 MHz, toluene-d8): δ 7.81 (br d, J = 7.8 Hz, 2H), 7.67 (br s, 
2H), 7.27-7.12 (m, 8H), 6.95 (d, J = 7.0 Hz, 4H), 6.83 (br s, 2H), 6.80 (td, J = 7.4, 1.1 Hz, 2H), 
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6.74 (dd, J = 7.5, 1.8 Hz, 2H), 6.68 (br s, 2H), 4.91 (br d, J = 14.6 Hz, 2H), 4.84 (br d, J = 11.5 
Hz, 2H), 3.99 (br d, J = 11.5 Hz, 2H), 3.58-3.53 (m, 3H), 3.42 (br d, J = 14.6 Hz, 2H), 2.64-2.49 
(m, 4H), 1.95-1.83 (m, 2H), 1.83-1.70 (m, 2H), 1.49-1.42 (m, 3H), -0.08 (br s, 6H); 13C NMR 
(125 MHz, THF-d8) δ 314.61, 173.18, 167.27, 164.88, 133.14, 130.39, 129.97, 128.92, 128.07, 
127.66, 126.82, 124.23, 123.83, 122.71, 121.30, 119.35, 118.96, 117.83, 113.99, 67.47, 64.08, 
60.17, 39.21, 12.18. (The peak at δ 67.47 overlaps with a solvent peak but was detected using a 
partial HSQC spectrum.) Analysis (calcd., found for C51H52Mo2N2O6.75): C (61.69, 61.66), H 
(5.28, 5.33), N (2.82, 2.67). 
 
Synthesis of other molybdenum alkylidynes: 
 
Scheme 1.20. Reaction of dimer 26 with trifluoroacetic acid. 
 
[Tris(2-oxybenzyl)ammonium](trifluoroacetato)molybdenum(VI) propylidyne dimer (31): A 25 
mL Schlenk flask was charged with [tris(2-oxybenzyl)ammine]molybdenum(VI) propylidyne 
dimer 26 (20 mg, 0.02 mmol) and benzene (10 mL). The red solution was treated with 
trifluoroacetic acid (6 µL, 0.08 mmol) and sealed with a septum. The stirred mixture was heated 
to 75 °C for 30 min. Stirring was discontinued and the mixture was allowed to stand overnight at 
room temperature, causing orange crystals to deposit. The brown supernatant was decanted and 
the product was rinsed with toluene (4 mL) and dried in vacuo. The orange solids were collected: 
yield 15 mg, 64%. 1H NMR (500 MHz, THF-d8): δ 11.62 (s, 1H), 7.35 (d, J = 8.2 Hz, 1H), 7.30 




























(t, J = 7.4 Hz, 1H), 6.78 (q, J = 6.9 Hz, 2H), 4.83 (br s, 1H), 4.59 (br d, J = 42.6 Hz, 2H), 4.18-
3.80 (br, 3H), 2.75 – 2.58 (m, 2H), 0.10 (t, J = 7.5 Hz, 3H). 
 
 
Scheme 1.21. Synthesis of mononuclear toba complex 33.  
 
[Tris(2-oxybenzyl)ammine][bis(trifluoromethyl)ethyloxo]molybdenum(VI) benzylidyne (33): A 
10 mL Schlenk flask was charged with Mo(CPh)(OC(CF3)2Me)3(dme) 32 (81 mg, 0.10 mmol) 
and toluene (2 mL) and sealed with a septum. TobaH3 (34 mg, 0.10 mmol) was added under 
argon flow and the orange mixture was stirred for 10 min, then concentrated in vacuo to afford a 
pale orange solid. 1H NMR (500 MHz, toluene-d8): δ 7.27-7.14 (m, 4 H); 6.81-6.68 (m, 5 H); 
6.68-6.57 (m, 4 H); 6.55-6.47 (m, 1 H); 5.83 (d, 1 H, J=8 Hz); 5.77 (d, 2 H, J=8 Hz); 3.67 (br d, 
2 H, J=14 Hz); 3.55-3.43 (m, 4 H); 3.41 (s, 1.6 H, dme); 3.17 (s, 2.3 H, dme); 1.84 (s, 3 H). 19F 

























1.8. NMR spectra. 
 
Figure 1.27. 1H NMR spectrum (300 MHz) of 23 in CDCl3. 
 




















































































































Figure 1.29. 1H NMR spectrum (300 MHz) of 23b in CDCl3. 
 
 



























































































































































































Figure 1.31. 1H NMR spectrum (500 MHz) of 26 in toluene-d8.  
 












































































































Figure 1.33. 13C NMR spectrum (125 MHz) of 26 in THF-d8. 
 
 


















































































































































































































































Figure 1.35. 13C NMR spectrum (125 MHz) of 30 in DMSO-d6. 
 





































































Figure 1.37. 1H NMR spectrum (500 MHz) of 33 in toluene-d8. 
 






















1.9. Characterization of mononuclear molybdenum complexes 28a-c. 
Formation of new species 28a-c and quantitative recovery of dimer 26:  
A solution of 26 (4.6 mg, 8.8 µmol) and 1,3,5-trimethoxybenzene (~0.5 mg) was prepared in 0.7 
mL toluene-d8. A portion of this solution was diluted with toluene-d8 and a 1H NMR spectrum 
was recorded to calibrate the internal standard (Figure 1.13a and 1.40a). Another portion of the 
solution (0.15 mL, 1.9 µmol 26) was placed in an NMR tube and diluted with methanol-d4 (0.35 
mL). The solution was allowed to equilibrate for 3 hours and a 1H NMR spectrum was recorded 
(Figure 1.13b). The mixture was concentrated to dryness under vacuum and redissolved in 
toluene-d8 and another spectrum was recorded (Figure 1.40b). The benzylic signal at δ 4.04 was 





























































Figure 1.39. (a) 26 in toluene-d8 with 1,3,5-trimethoxybenzene as an internal standard. (b) 26 
after equilibrating with methanol, concentrating under vacuum and redissolving in toluene-d8. 
The dimer is recovered in 96% yield. 
 
1H difference spectroscopy: Dimer 26 (0.6 mg) was dissolved in toluene-d8 (0.1 mL) in an 
NMR tube. Methanol-d4 (0.4 mL) was added and a 1H spectrum was recorded immediately. The 
mixture was allowed to equilibrate for 3 h and another spectrum was recorded. The first 
spectrum was subtracted from the second to provide a 1H difference spectrum of complex 28a 




Figure 1.40. 1H difference spectrum of complex 28a. Top, start of experiment; middle; 




















Dependence of equilibrium ratio on total molybdenum concentration: 
Solutions of 26 (3.75, 2.5, 1.25, 0.675 mM) were prepared in 7:3 methanol-d4:toluene-d8. After 
the mixtures were allowed to equilibrate for 3 h, 28a and unreacted 26 were quantified by 1H 
integration of the methyl triplets at δ 0.10 and -0.12 respectively. [28a] and [28a]2 were plotted 
against [3] (Figure 1.41). A linear fit is clearly appropriate for the plot of [28a]2, as expected for 
an equilibrium between dimer 26 and monomer 28a:  
   (1.5) 
 Keq = [28a]2 / [MeOH]2 [26]  (1.6) 
 [28a]2 = Keq [MeOH]2 [26]  (1.7) 
 
Figure 1.41. Plots of [28a]2 vs. [26] and [28a] vs. [26] with linear fits constrained to an intercept 
of 0. 
 
Dependence of equilibrium constant on methanol concentration: 
Solutions of 26 (2.5 mM) were prepared in mixtures of 20, 40, 60 and 80% v/v methanol-
d4:toluene-d8. After the mixtures were allowed to equilibrate overnight, 28a and unreacted 26 
2 28a2 MeOH + 26
Keq
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  0.6938x	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were quantified by 1H integration of the methyl triplets at δ 0.10 and -0.12 respectively. A plot 
(Figure 1.42) of Kobs = [28a]2 / [26] against [MeOH]2 is linear, as expected for the equilibrium: 
  (1.8) 
where  
 Keq = [28a]2 / [MeOH]2 [26] (1.9) 
and therefore 
 [28a]2 / [26] = Keq * [MeOH]2  (1.10) 
 
 
Figure 1.42. Dependence of observed equilibrium constant Kobs = [28a]2 / [26] on methanol 
concentration. 
 
NMR spectra in CD3OH: 
We wished to investigate the possibility that the signal attributed to 28a is actually one of the 
propylidene complexes depicted in Figure 1.44. Therefore we treated 26 with CD3OH, which 
would make propylidene complexes evident by the indicated splitting of their CH2 signal (Figure 
1.43). Difference spectroscopy was performed as above with the following differences: spectra 
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were acquired at -20 °C and excitation sculpting suppression of the hydroxyl signal was used. 
Excitation sculpting with flip-back pulse was used to avoid saturation transfer from the solvent 
hydroxyl to the alkylidene proton, thus preserving its maximum potential intensity. In between 
the initial and final spectra, the sample was warmed to room temperature for 30 minutes to allow 
equilibration to occur. The resulting difference spectrum is shown with an expansion of the 28a 
methylene signal, which still appears as a well-resolved quartet under these conditions (Figure 
1.44). To rule out the possibility that fast chemical exchange between 28a, 28b, and 28c was 
responsible for the observed lack of coupling between the alkylidene proton and the methylene, 
we note that the 28b and 28c methyls show no broadening at room temperature, consistent with 
an exchange rate much slower than their shift difference. We also lowered the temperature to -
20C to further reduce the rate of potential exchange in an attempt to slow the potential exchange 
rate sufficiently to observe the coupling. Since no coupling was observed, alkylidyne 28a is the 
major species present. 
 
Figure 1.43. Additional splitting of methylene signal in possible propylidene complexes 




































1.10. Other experimental details. 
Metathesis under aprotic conditions: 
A solution of cyclooctyne 23 (3.3 mg, 6 µmol) and precatalyst 26 (0.6 mg, 1.2 µmol) in toluene-
d8 (0.5 mL) was placed in a sealed NMR tube and an initial 1H spectrum was recorded. While 
continuing to record spectra, the sample was heated to 100 °C over the course of 1 h and kept at 
that temperature for an additional hour. The sample was cooled to room temperature and a final 
spectrum was recorded. The first and last spectra are shown (Figure 1.45). The percent 
conversion was determined by comparing the signal for 23 at 2.88 ppm with the signal for poly-
23 at 3.53 ppm. The signal for poly-23 overlaps with the signal for THF at 3.56 ppm, so the two 
signals were integrated together and the integration of the THF signal at 1.45 ppm was 














































Metathesis under protic conditions: 
Precatalyst 26 (0.6 mg, 1.25 µmol) was dissolved in toluene-d8 (0.1 mL) and methanol-d4 (0.4 
mL) was added. The mixture was allowed to equilibrate for 1 h in a sealed NMR tube. A solution 
of cyclooctyne 23 (3.3 mg, 6 µmol) in toluene-d8 (0.05 mL) was added by removal of the cap. A 
cloudy precipitate formed immediately; after 2 hours there was no remaining 5a detectable by 
NMR (Figure 1.46). The mixture was transferred with the aid of small portions of 
dichloromethane into a vial containing 10 mL of methanol and the suspension of pale, fluffy 
solid was allowed to stand overnight. The product was collected by filtration, rinsed with 
additional methanol, dried under vacuum and characterized by 1H NMR, GPC and MALDI-MS. 
1H NMR end group analysis2 indicates an average degree of polymerization of 8.8. GPC analysis 
gives Mn 5200 (dp = 9.5), PDI 1.6. MALDI-MS confirms the structure as indicated in Figure 
1.47; the peaks observed are produced by protiodemetallation of the molybdenum-carbon bond 




Figure 1.46. Partial 1H NMR spectra of the reaction mixture immediately after the addition of 23 
(top) and after 2 h (bottom). The signal at δ 3.63 is (MeO)3C6H3. The polymeric product is not 

















Figure 1.47. MALDI mass spectrum of poly-23. 
 
“Living” polymerization of 23: 
A 10 mL round-bottom flask was charged with precatalyst 26 (2.6 mg, 5 µmol) in toluene (0.4 
mL). THF (0.6 mL) and methanol (1 mL) were added. A solution of cyclooctyne 23 (82 mg, 150 
µmol) in toluene (0.6 mL) was prepared separately. The solution of 26 was allowed to equilibrate 
for 1 h and then treated with a portion of the 5a solution (0.1 mL, 25 µmol). After 30, 60, 90 and 
120 minutes, aliquots (0.05 mL) of the reaction mixture were removed and quenched by dilution 
with methanol (5 mL). The procedure was repeated with three additional portions of 23, for a 
total of 16 observations over the course of 8 hours. Each aliquot was allowed to stand overnight 









dissolved in THF and characterized by GPC. Results are summarized in Figure 1.12; selected 
GPC chromatograms are reproduced here. 
 
Figure 1.48. GPC chromatograms for aliquots taken from the “living” polymerization of 23. 
Times are indicated in minutes. 
 
Kinetic observations of polymerization of 23b: 
Precatalyst 26 (6.5 mg, 12.5 µmol) and 1,3,5-trimethoxybenzene (~1 mg) were dissolved in 
toluene-d8 (1 mL). A portion of this solution (0.1 mL, 1.25 µmol of 26) was placed in an NMR 
tube. Methanol-d4 (0.4 mL) was added and 1H NMR spectra were recorded every 2.5 minutes for 
60 minutes. PEG-solubilized cyclooctyne 23b (3.6 mg, 6 µmol) was added as a solution in 
toluene-d8 (0.05 mL) by removal of the cap and spectra were recorded for an additional 90 
minutes. Representative spectra are shown with the diagnostic peaks for 26, 28a, 23b and 










polymer end methylene signal (q, δ 2.34), so this integration was corrected by subtracting 0.67 
times the polymer end methyl signal (t, δ 1.16). The internal standard was calibrated by taking a 
separate spectrum of 3/(MeO)3C6H3 in toluene-d8. Spectra were recorded with aq = 3.2 s, d1 = 
4.3 s, total recovery time 7.5 s; further extending the relaxation delay did not affect the 






































Figure 1.50. Selected NMR spectra from the polymerization of 23b with diagnostic peaks 


















Tandem decarbonylation-polymerization of cyclopropenone 30: 
A 50 mL solvent storage tube was charged with cyclopropenone 30 (15.8 mg, 60 µmol), 
precatalyst 26 (6.5 mg, 12 µmol), THF (1.5 mL) and methanol (3.5 mL) and degassed by three 
freeze-pump-thaw cycles. The pale orange suspension was stirred for 2 h under irradiation from 
a medium pressure mercury lamp. The resulting orange solution was concentrated to a red oil, 
dissolved in DMF (2 mL) and stirred overnight with triethylamine (0.2 mL) and (iPr)3SiCl (0.1 
mL). The mixture was diluted with methanol (20 mL) and allowed to stand for 2 h. The resulting 
orange solids were collected by filtration and dried under vacuum to afford poly-23, 28.5 mg, 
72%. The obtained polymer was characterized by 1H NMR, 13C NMR, MALDI-MS (Figures 
1.51-1.53), and GPC. 1H NMR end group analysis2 indicates an average degree of 
polymerization of 12.0. GPC analysis gives Mn 6300 (dp = 11.5), PDI 1.3. MALDI-MS confirms 
the structure as indicated in Figure 1.53; the peaks observed are produced by protiodemetallation 
of the molybdenum-carbon bond and partial desilylation of the TIPS ethers. 
 





































Figure 1.52. 13C NMR spectrum (125 MHz) of poly-23 in CDCl3. 
 
 
Figure 1.53. MALDI mass spectrum of poly-23 obtained by tandem decarbonylation/metathesis 
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Chapter 2. Complex cluster-based solids containing fullerene and fulleride building blocks. 
 
The Nuckolls and Roy groups have introduced the first examples of Co6Q8(PR3)6 fulleride solids 
and championed the development of a new solid-state chemistry using these molecular building 
blocks as redox-active, structurally diverse, nanometer-sized superatoms. While the potential 
library of phosphine-capped metal chalcogenide clusters is virtually limitless, our first efforts 
yielded only simple, high-symmetry solids with very close analogs among traditional inorganic 
compounds. In this chapter, I present the structures of nine complex cluster-fullerene solids that 
represent the tip of an iceberg of structural diversity among solid-state compounds containing 
molecular superatoms. I also introduce a new method for determining the redox state of 
Co6Q8(PR3)6 clusters from crystallographic data. 
 
Nothing in this chapter would exist without the efforts of Dr. Christopher Bejger, Bonnie Choi, 
and Evan O’Brien, who synthesized the compounds described here. Anouck Champsaur, Jessica 
Karch, Andrew Pinkard, Ari Turkiewicz and Dr. Alexandra Velian synthesized additional 
compounds that were helpful in the statistical analysis of cluster geometry. Prof. Xavier Roy 
originated this project and continues to move it forward; he also synthesized the first samples of 
Co6Se8(PEt2phen)6 and its cocrystal with C60, which was our first sign that the structural 
chemistry of cluster fullerides is usually stranger than we expect. Prof. Roger Lalancette and 
Prof. Theo Siegrist performed early structural studies of [Co6Se8(PEt2phen)6][C60]5. Dr. Joshua 
Palmer was always available for questions about crystallography. Finally I am grateful to Prof. 
Colin Nuckolls for allowing me to explore this entirely new field in the last year of my graduate 
studies. 
	   95	  
2.1. Introduction. 
Molecular superatoms have emerged as nanoscale building blocks for solid-state materials with 
atomically controllable structural chemistry and collective properties.1–3 The cobalt chalcogenide 
clusters Co6Q8(PR3)6 (Q=Se, Te) have been little used in the superatom literature, but their 
convenient syntheses from phosphine chalcogenides make them attractive for further use in the 
development of new materials.4–6 The Nuckolls group has considered the use of Co6Q8 clusters 
as functional electronic materials in the context of single-molecule conductance studies.7,8 
However, their application to solid-state chemistry previously only entailed their pyrolysis to 
bulk β-CoTe.4 In 2013 Roy et al. reduced C60 with Co6Se8(PEt3)6 to form a trigonal 2:1 cocrystal 
(Figure 2.1) that we viewed as a superatomic relative of CdI2.9 
 
        
Figure 2.1. Structures of [Co6Se8(PEt3)6][C60]2 and CdI2. Left, view along (001) shows trigonal 
symmetry. Right, view along (110) shows layered structure with octahedrally coordinated 
cations. Figure reproduced from Roy et al.9 
 
Our studies of charge-transfer-assembled superatom solids now comprise the superatom CdI2 
structures [Co6Se8(PEt3)6][C60]2 and [Cr6Te8(PEt3)6][C60]2;9 a class of two-electron Ni9Te8(PR3)8 
fullerides that crystallize in modifications of the NaCl lattice;9,10 and a number of Co6Q8(PR3)6 
clusters that cocrystallize with Fe8O4(pz)12Cl4 electron acceptors in low-symmetry modifications 
of the CsCl (Pm-3m) lattice.11  
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One of our main goals has been the search for and description of collective behavior in these 
molecular solids. The NaCl-type cluster fullerides [Ni9Te6(PR3)8][Cx] (R=Me, Et; x=60, 70) 
display structure-dependent collective magnetic behavior. They reveal a low-temperature 
ferromagnetic transition between 2.5 and 7 K, with the smaller PMe3-passivated cluster causing 
closer intermolecular contacts with stronger interactions and the highest transition temperature. 
We have also observed a collective band structure in [Co6Se8(PEt3)6][C60]2 with a gap of ~100 
meV, which is much lower energy than the HOMO-LUMO transition of either isolated 
component.12 
        
Figure 2.2. Collective behavior in superatomic cluster fulleride solids. Left, structure-dependent 
variation of the ferromagnetic transition temperature in nickel telluride-fullerene solids; 
reproduced from Lee et al.10 Right, delocalized band structure in [Co6Se8(PEt3)6][C60]2 with a 
band-edge absorption around 100 meV; used by permission from Dr. M. Tuan Trinh. 
 
Alkali metal fulleride superconductivity is a dramatic example of collective behavior in 
superatom solids. Hebard et al. demonstrated in 1991 that diffusion of potassium metal into solid 
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polymorphic cesium fullerides Cs3C60 revealed a dependence of Tc on the volume per C603- 
anion.15 This volume-dependent behavior is an example of the relationship between structure and 
collective properties that underlies our interest in systematically modifying the three-dimensional 
structures of cluster fullerides. While the volume per fulleride in these solids is smaller than in 
our previously reported  cluster fulleride materials (maximum at ~770 Å3 per fulleride; 
[Co6Se8(PEt3)6][C60]2 has 1340 Å3 per fulleride), we note that several of the materials described 




Figure 2.3. Dependence of Cs3C60 Tc on volume per fulleride. Figure reproduced from Ganin, et 
al.15 
 
This chapter represents a continuation of our efforts to survey the range of structures accessible 
in cluster-fulleride solids. As we gain experience with the possibilities of building solid-state 
materials from molecular building blocks, we will learn to rationally design materials with 
desirable properties.  
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2.2. Structural analyses of Co6Q8(PR3)6n+ for n=0, 1, 2. 
 
To aid in the analysis of the cluster-fullerene solids described in sections 2.3 to 2.5, we 
undertook a study of interatomic distances in cobalt chalcogenide clusters in their known 
oxidation states, which are 0, 1+ and 2+. A search of the Cambridge Structural Database, 
employing the partial molecular formulas Co6Se8P6 and Co6Te8P6, yielded 13 fully described 
structures with clusters in unambiguous oxidation states. There were eight neutral Co6Se8(PR3)6 
clusters, two [Co6Se8(PR3)6]+ cations, two neutral Co6Te8(PR3)6 clusters, and one 
[Co6Te8(PR3)6]2+ dication.16–19,5,20–22,9 In addition, eight structures recently published by 
Turkiewicz, et al. were included, which comprised three neutral Co6Te8(PR3)6 clusters, one 
[Co6Se8(PR3)6]+ cation and four [Co6Te8(PR3)6]+ cations.11 The oxidation states in these five 
cationic clusters were assigned on the basis of near-IR absorption studies of the cocrystallized 
Fe8O4Cl4(pz)12 anions. Finally, the survey included 22 unpublished structures determined at 
Rutgers University and the Shared Materials Characterization Laboratory.23  
 
When the structure of a single cluster had been determined repeatedly as new polymorphs or 
solvates, each structure was included in the analysis. When a structure contained two 
independent clusters in the asymmetric unit, each independent molecule was analyzed separately. 
The temperature and R1 factor were recorded but not considered further in the analysis. Each 
structure was processed in CrystalMaker to extract the following distances: Co-Co(trans) (3 
distances per cluster); Co-Co(cis) (12 distances, typically 2 or 6 independent); Co-P (6 distances, 
1 or 3 independent); Q-Q(trans) (4 distances, 2 or 4 independent). The space group for each 
structure and crystallographic point symmetry for each independent cluster were recorded. The 
results are presented in Table 2.1: 
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Entry Cluster R Anion Sp.2Gr. T2(°C) R12(%) Site dCo;Co,trans2(Å) dCo;P2(Å)
1 Co6Se8(PEt3)6 R;3 296 3.1 ;3 4.153 2.141
2 Co6Se8(PEt3)6 Cc 100 3.2 1 4.158 2.133
3 Co6Se8(PEt3)6 R;3 293 5.8 ;3 4.116 2.161
4 Co6Se8(PEt3)6 R;3 100 6.6 ;3 4.109 2.157
5 Co6Se8(PEt3)6 R;3 100 3.1 ;3 4.096 2.160
6 Co6Se8(PEt3)4(PEt2R)2 C6H4;p ;SMe P21/n 100 2.2 ;1 4.154 2.132
7 Co6Se8(PEt3)5(PEt2R) C6H4;p ;SMe P;1 100 6.0 ;1 4.158 2.139
8 Co6Se8(PEt2R)6 C6H4;p ;SMe P;1 100 5.4 ;1 4.142 2.131
9 Co6Se8(PEt2R)6 C6H4;p ;SMe C2/c 100 3.3 ;1 4.145 2.128
10 Co6Se8(PEt2R)6 X=SMe P21/c 100 4.5 ;1 4.158 2.134
11 Co6Se8(PEt2R)6 X=H R;3 100 4.5 ;3 4.130 2.130
12 Co6Se8(PEt2R)6 CO2H R;3 100 3.6 ;3 4.129 2.126
13 Co6Se8(PEt2R)6 CO2H P;3 100 2.6 ;3 4.134 2.126
14 Co6Se8(PEt2R)6 CO2Me R;3c 100 2.4 ;3 4.158 2.133
15 Co6Se8(PEt2phen)6 P;1 100 2.7 ;1 4.127 2.117
16 Co6Se8(PiPr2phen)6 P;1 100 3.1 ;1 4.212 2.142
17 Co6Se8(PPh3)6 P;1 293 4.8 ;1 4.247 2.158
17b ;1 4.234 2.153
18 Co6Se8(PPh3)6 P21/n 180 6.8 ;1 4.258 2.169
19 Co6Se8(PPh3)6 P;1 100 4.7 ;1 4.254 2.160
19b ;1 4.234 2.145
20 Co6Se8(PR3)6 C6H4;p ;Me P;1 100 4.3 ;1 4.253 2.162
21 Co6Se8(P(vinyl)3 )6 P;1 100 4.3 ;1 4.148 2.129
21b ;1 4.127 2.119
22 Co6Se8(PEt3)4(PEt2R)2 P;1 100 6.3 ;1 4.178 2.139
22b ;1 4.163 2.141
23 Co6Se8(PEt3)6+ BPh4 ; P;1 293 7.8 1 4.142 2.159
23b ;1 4.137 2.169
23c ;1 4.153 2.162
24 Co6Se8)PEt3)6+ Fe8O4Cl4(pz)12; P;1 100 5.5 ;1 4.115 2.167
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Table 2.1. Selected data from crystal structures of Co6Q8(PR3)6n+ clusters. When a structure 
contained two independent clusters, the second one is labelled e.g. 17b. 
Entry Cluster R Anion Sp.2Gr. T2(°C) R12(%) Site dCo;Co,trans2(Å) dCo;P2(Å)
25 Co6Se8(PPh3)6+ CoCl3(thf) ; P;1 180 7.8 ;1 4.129 2.179
25b ;1 4.069 2.185
26 Co6Se8(PEt2R)62+ C6H4;p ;SMe 2(FeBr4 ;) P;1 100 7.6 ;1 3.994 2.182
27 Co6Se8(PEt3)62+ 2(FeCl 4 ;) R;3 100 5.0 ;3 4.023 2.187
28 Co6Te8(P(allyl)3 )6 P;1 100 2.7 ;1 4.523 2.138
29 Co6Te8(PnPr3)6 P;1 100 3.3 ;1 4.523 2.144
30 Co6Te8(PEt2Ph)6 Pa;3 100 2.4 ;3 4.474 2.134
31 Co6Te8(PEt3)6 P21/c 100 4.8 ;1 4.537 2.147
32 Co6Te8(PEt3)6 P;1 293 5.8 ;1 4.565 2.133
32b ;1 4.557 2.145
33 Co6Te8(PEt3)6 P;1 100 2.6 ;1 4.525 2.142
33b ;1 4.532 2.143
34 Co6Te8(PnPrPh2)6 C2/c 200 3.4 ;1 4.589 2.146
35 Co6Te8(PnPr3)6+ Fe8O4Cl4(pz)12; P31c 100 3.2 3 4.440 2.168
35b 3 4.429 2.165
36 Co6Te8(PEt2Ph)6+ Fe8O4Cl4(pz)12; P21/c 100 6.3 ;1 4.387 2.162
36b ;1 4.396 2.169
37 Co6Te8(PEt3)6+ B(C6F5)3OH; R;3 100 3.7 ;3 4.430 2.168
37b ;3 4.435 2.168
38 Co6Te8(PEt3)6+ Fe8O4Br4(pz)12 ; P;1 100 6.2 ;1 4.441 2.172
38b ;1 4.430 2.168
39 Co6Te8(PEt3)6+ Fe8O4Cl4(pz)12; P;1 100 6.4 ;1 4.417 2.169
39b ;1 4.428 2.170
40 Co6Te8(PEt3)62+ Fe2Br62; P;1 100 5.0 ;1 4.340 2.199
41 Co6Te8(PEt3)62+ 2(PF6 ;) P;1 295 3.6 ;1 4.369 2.202
42 Co6Te8(PEt3)62+ 2(SnBr3 ;) Pa;3 100 2.7 ;3 4.296 2.188
43 Co6Te8(PEt3)62+ Fe2Cl62; P;1 100 5.8 ;1 4.375 2.202
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Neutral clusters were found to crystallize predominantly in P-1 (45%), R-3 (21%), and P21/c 
(14%). Cationic clusters crystallized predominantly in P-1 (62%) with 1-2 examples in R-3, 
P31c, P21/c and Pa-3. Clusters occurred almost exclusively on inversion centers (70%) and 
threefold inversion axes (23%), with two examples each on a threefold axis and a general 
position. 
 
     
     
 
     
Figure 2.4. Histograms of Co-Co and Co-P bond lengths. 
 
A computational study21 has suggested that metal-metal and metal-phosphorus distances in 
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are not sensitive. An initial analysis (Figure 2.4) confirmed this prediction, but individual bond 
lengths are widely distributed over ranges of 0.02 to 0.2 Å, many times the crystallographic esd’s 
of those distances.  
 
 
Figure 2.5. Averaged Co-Co and Co-P distances for all clusters in the data set. 
 
When chemically equivalent distances in each independent cluster are averaged, the variance in 
the data is greatly reduced. As an additional benefit, averaging by cluster makes it possible to 
plot pairs of parameters and straightforwardly observe their covariance. When all Co-P and Co-
Co(trans) distances were plotted on a single set of axes (Figure 2.5), it was apparent that the data 
set contained additional structure that might be resolvable by sorting into categories. The data 
were sorted by cluster and oxidation state to afford six clearly resolved distributions (Figure 2.6).  
 




Figure 2.6. Co-Co and Co-P distances sorted by chalcogen and oxidation state. In the top plot, 
Co6Se8(PPh3)6 structures are indicated by open points.  
 
The two-dimensional plots reveal that one-electron oxidation is always accompanied by some 
combination of Co-Co contraction and Co-P lengthening. Co6Se8(PPh3)6 clusters (Figure 2.6a, 
open points) primarily contract their Co-Co distances upon oxidation from neutral to 
monocationic clusters, while one-electron oxidation of Co6Se8(PEt3)6 is chiefly accompanied by 
Co-P stretching (Figure 2.7). A second one-electron oxidation of Co6Se8(PEt3)6+ entails a large 
contraction of the Co6 core and some additional lengthening of the Co-P bonds.  
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Figure 2.7. Structural changes in Co6Se8(PEt3)6 upon one- and two-electron oxidation. 
 
Three structures assigned as neutral Co6Se8(PEt3)6 (Table 2.1, entries 3-5) are grouped with the 
monocationic Co6Se8(PR3)6+ clusters. These structures (two determined locally and one by Hong, 
et al.18) were all described in R-3 as different “solvates:” a tetrahydrofuran solvate, a 
dichloromethane solvate and an unknown solvate from a diethyl ether/hexane crystallization 
mixture. In all three cases, the solvent was disordered over the threefold axis and was ultimately 
“removed” using PLATON/SQUEEZE.24 The same cluster has also been described in R-3 as a 
toluene solvate (also disordered)8 and in Cc as a 1-methylnaphthalene solvate;25 these two 
structures displayed bond lengths more typical of neutral Co6Se8(PR3)6 clusters (Table 2.1, 
entries 1-2). In view of this bimodal set of bond lengths and the otherwise excellent consistency 
of cluster geometries within a particular oxidation state, I believe the most likely explanation is 
that the air-sensitive Co6Se8(PEt3)6 was inadvertently characterized in its oxidized form with a 
disordered anion neglected in the refinement. A related Fe6Se8(PEt3)6 cluster has been described 
as a PF6 salt in R-3 with nearly identical cell parameters and structure,26 so it is plausible that the 
oxidized cluster is isostructural with the neutral one. In the absence of a convincing model that 
includes explicit solvent or an anion, these three Co6Se8(PEt3)6 structures have been omitted 
from any further analysis. 
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As a test of this method, we analyzed the literature superatom charge-transfer solid 
[Co6Se8(PEt3)6][C60]2 (1•2C60)9 and the isostructural [Co6Te8(PEt3)6][C60]2 (2•C60), which has 
not previously been described.  
 
[Co6Te8(PEt3)6][C60]2 crystallizes in a primitive trigonal lattice with a=16.306 Å and c=12.302 
Å, which is expanded by 2.2% from 1•2C60 (a=15.750, c=12.479 Å). Whereas 1•2C60 was 
refined in merohedrally twinned P-3, for 2•2C60 we preferred a model in P-3m1 with the 
phosphine and fullerene disordered over the mirror plane. (Full details of all refinements are 
given in Section 2.x). The general appearance of the structure is exactly analogous to 1•2C60; the 
structure is CdI2-type with fully eclipsed “MX2” layers held together by van der Waals forces.  
 
The charges in 1•2C60 were originally assigned as [Co6Se8]2+ and C60- on the basis of room-
temperature Raman spectroscopic studies of the fulleride A2g mode, which is considered to shift 
reliably to 6 cm-1 lower frequency per electron transferred to C60.9,27 For the crystal structure of 
1•2C60 determined at 100 K, the Co-Cotrans and Co-P distances are 4.1176(11) and 2.1717(15) Å. 
For 2•2C60 at 100 K, the distances are 4.4437(11) and 2.1818(15) Å. When these distances are 
plotted against the reference structures described above (Figure 2.8), it appears that both 
structures contain monocationic clusters. Since there is only one independent fullerene in the 
superatomic CdI2 structure, the most reasonable description is one electron transferred per 
formula unit and delocalized over two fullerenes.  
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Figure 2.8. Cluster redox states in 1•2C60 and 2•2C60. 
 
The X-ray-derived observation of monocationic clusters in 1•2C60 and 2•2C60 clearly requires an 
explanation for its disagreement with the Raman data. Raman spectra were obtained at room 
temperature using a 514.5 nm laser at power densities of 4.6 to 7.8 kW cm-2; therefore the two 
important differences are the temperature (100 K vs 293 K) and the method of determining 
charges.  
 
Presuming that these materials have a positive coefficient of thermal expansion, cooling is likely 
to favor a higher degree of charge transfer since separated charges will experience more 
electrostatic stabilization when the material contracts. Therefore a low-temperature displacive 
phase transition is unlikely to reduce the separation of charges. 
 
1•2C60 has been characterized as a narrow-gap semiconductor that displays thermally activated 
transport with an activation energy of 0.15 eV.9 Infrared absorption spectra have also suggested 
an optical band gap around 0.1 eV for both 1•2C60 and 2•2C60.28 This gap is too large for the 
excited state to be thermally populated at room temperature (kT at 298 K = 0.026 eV). However, 
it is noteworthy that this small optical gap clearly indicates a delocalized band structure in the 
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cocrystal. If the Raman laser (514 nm = 2.41 eV) matches an electronic transition with cluster-to-
fullerene charge transfer character, we could observe a resonance-enhanced Raman scattering 
mode that does not correspond to the electronic ground state.29 We will need to carefully 
consider the photophysics of the Raman experiment to gain a full understanding of the charge 
transfer in this solid. 
 
In summary, the combination of Co-Co and Co-P distances in Co6Q8(PR3)6 appears to form a 
reliable probe for the charge of the cluster. We will use this tool to analyze the cluster fulleride 
structures described within. 
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2.3. Solids containing C1402- dimers. 
In view of the recently observed close similarity between the NaCl-type structures 
[Ni9Te6(PEt3)8][C60] and [Ni9Te6(PEt3)8][C70],10 it seemed reasonable that Co6Te8(PEt3)6 might 
cocrystallize with C70 in a modification of the trigonal CdI2 structure observed for 
[Co6Se8(PEt3)6][C60]2 and [Co6Te8(PEt3)6][C60]2. Mixing the precursors in toluene and standing 
overnight afforded excellent black block crystals. The data set appeared to be monoclinic in 
P21/c with a=12.6954, b=16.3286, c=28.8408 Å; β=92.58°. The structure solved readily in this 
space group, revealing a cluster fulleride solid with the stoichiometry [Co6Te8(PEt3)6][C70]2.  
 
An initial refinement converged to R1=7.1%. The C70 fragment had formed a fulleride dimer with 
surprising intercage C-C distance of 1.81(4) Å (Figure 2.9). The Co6Te8 cluster appeared 
unremarkable while the fullerene suffered some unusual ADPs and atomic positions, which in 
our experience is often a sign of rotational disorder.  
 
 
Figure 2.9. The fulleride dimer in the initially obtained false solution [Co6Te8(PEt3)6][C140]. The 
intercage C-C distance is 1.81(4) Å. 
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This surprising geometry and somewhat unsatisfactory refinement prompted us to closely 
examine the original diffraction data. We found very weak superstructure reflections (Figure 
2.10) which implied a doubled a axis. Integrating on this doubled cell gave a monoclinic data set 
with a=25.3864, b=16.3286, c=28.8408 Å; β=92.58°; with absences corresponding to P21/n. This 
data set ultimately led to a satisfactory refinement with R1=4.5%. The structure is a modification 
of the CdI2-type lattice, as expected, with the monoclinic a axis corresponding to the trigonal c 
axis. Half the C70 fragments are part of C140 dimers (Figure 2.11) and the other half have 
unexceptional intercage distances of ~3.25 Å.  
 
 
Figure 2.10. Reconstructed precession photograph (h0l net) with h right and l up. Several 
representative superstructure reflections are indicated with white arrows. 
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Figure 2.11. C140 dimer in [Co6Te8(PEt3)6]2[C140][C70]2. The C1-C1a bond is on an inversion 
center and the C2h molecular symmetry with the major axis aligned with the viewing axis is 
apparent.  
 
The structure of [Co6Te8(PEt3)6]2[C140][C70]2 is depicted alongside equivalent views of 
[Co6Te8(PEt3)6][C60]2 in Figure 2.12. The lattice in the C70 cocrystal is expanded 3.0% in the 
monoclinic a direction (trigonal c), 1.7% in the b direction (trigonal |a-b|) and 3.7% in the c 
direction (trigonal |a+b|) for an overall expansion of 8.4% in volume. The translational 
pseudosymmetry by half the distance of the a axis is clearly visible in the view along the b axis 
(bottom), which explains the initial lattice misassignment.   
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Figure 2.12. Top and side views of (left) the monoclinic lattice of [Co6Te8(PEt3)6]2[C140][C70]2 
and (right) the trigonal lattice of [Co6Te8(PEt3)6][C60]2. The C140 dimers are depicted in navy 
blue. The monoclinic lattice directions are (top) b down and c right; (bottom) a up and c right. 
 
 
Figure 2.13. Molecular structure of the Co6Te8P6 fragment of [Co6Te8(PEt3)6]2[C140][C70]2.  
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Table 2.2. Selected bond lengths and angles in [Co6Te8(PEt3)6]2[C140][C70]2.  
 
 
Figure 2.14. Analysis of bond lengths indicates that the Co6Te8(PEt3)6 core is a monocation. 
 
The structure was analyzed according to the method in section 2.3 (Figure 2.14). The core 
geometry closely matches other structures of Co6Te8(PEt3)6 clusters in unambiguous 1+ 
oxidation states. This affords an explanation for the “two together, two apart” packing motif, 
which apparently arises from one-electron reduction of one fullerene per cluster.  
A B d$(Å) A B d$(Å)
Co1 P1 2.198(4) Co4 Co6 3.2031(9)
Co2 P2 2.1631(4) Co5 Co6 3.0733(10)
Co3 P3 2.1679(14) C1 C1a 1.589(16)
Co4 P4 2.1827(14) C1 C2 1.538(10)
Co5 P5 2.1659(15) C1 C5 1.537(10)
Co6 P6 2.1700(15) C1 C6 1.527(10)
Co1 Co2 3.2021(9)
Co1 Co3 3.1063(10)
Co1 Co4 2.9592(9) A B C angle$(°)
Co1 Co5 3.2283(10)
Co2 Co3 3.0984(9) C1a C1 C2 112.2(8)
Co2 Co5 3.2228(9) C1a C1 C5 112.3(8)
Co2 Co6 3.0696(9) C1a C1 C6 113.9(8)
Co3 Co4 3.1959(9) C2 C1 C5 99.9(6)
Co3 Co6 3.2294(9) C2 C1 C6 108.5(6)
Co4 Co5 3.0894(9) C5 C1 C6 109.1(6)
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The C1402- dimer was first characterized in 2002 in a cesium fulleride stabilized by the bowl-
shaped aromatic molecule hexamethoxycyclotriveratrylene.30 It occurs in a total of 5 literature 
structures30–33 with an average intercage C-C distance of 1.580 Å, so the intercage separation of 
1.589(16) Å in the current example is unremarkable in this context.  
 
We attempted to create slightly closer packing in a CdI2-type structure by cocrystallizing C70 
with Co6Te8(PEt2Me)6. Unexpectedly, this gave a product with no resemblance to the previously 
observed trigonal/nearly-trigonal structures.  
 
The cocrystal of Co6Te8(PEt2Me)6 with C70 is triclinic with one cluster and two C70 fragments in 
the asymmetric unit. The cell is metrically monoclinic C with α=89.3°, β=96.9°, γ=90.0°, which 
caused pseudomerohedral twinning with many reflections completely overlapped and some split. 
Twin decomposition in CrysAlisPro led to a successful solution in P-1 and subsequent 
refinement against the full (HKLF 5) data set gave a satisfactory structure with R1=6.3%.  
 
As in the case of [Co6Te8(PEt3)6]2[C140][C70]2, the cocrystal of Co6Te8(PEt2Me)6 with C70 
contains one fulleride dimer and one unassociated C70. The most prominent structural feature of 
this cocrystal is a two-dimensional layer of [Co6Te8]2[C140] (Figure 2.15). The fulleride dimers 
form one-dimensional zig-zag chains that alternate with complementary zig-zag arrays of cluster 
cations. The charge-transfer layers are separated by layers of neutral C70 (Figure 2.16). 
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Figure 2.15. Side, top and end views of the [Co6Te8]2[C140] sheets in 
[Co6Te8(PEt3)6]2[C140][C70]2. The viewing axes are respectively (100), (-102), and (010). C140 
dimers are represented as ball-and-stick models; C70 monomers are skeletal models.  
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Figure 2.16. The monomeric C70 sheet in [Co6Te8(PEt3)6]2[C140][C70]2. The viewing axis is (-
102), as above, but the [Co6Te8]2[C140] sheet is shown as a skeletal model and the neutral C70 
molecules are highlighted.  
 
The C1402- dimer has very similar geometry to the one in [Co6Te8(PEt3)6]2[C140][C70]2, with C2h 
molecular symmetry and an intercage C-C distance of 1.58(2) Å. The cluster has bond lengths 
typical of a Co6Te8(PR3)6+ core (Figure 2.17). This supports our assignment of C1402- dimers in 
the cluster-fulleride layer and neutral C70 in the fullerene layer. 
 
Figure 2.17. Analysis of bond lengths in the Co6Te8(PEt2Me)6 core. 
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2.4. A neutral fullerene dimer containing a 1.69 Å C-C bond. 
We have also characterized an apparently neutral [2+2] C60 dimer with extraordinary molecular 
geometry. Co6Se8(PiPr2phen)6 (phen = 9-phenanthrylacetylene) cocrystallizes with 3 equivalents 
of C60 when slowly evaporated together from toluene. The cocrystal has the stoichiometry 
[Co6Se8(PiPr2phen)6][C120][C60]. Similarly to [Co6Te8(PEt2Me)6]2[C140][C70], the structure 
contains two layers, with one layer containing clusters and fullerene dimers and the other 
containing monomeric fullerenes (Figure 2.19). In this structure, the cluster-C120 layer is 
approximately rectangular (γ=88.2°) with pairs of fullerenes dimerized across the plane of the 
layer. Between each cluster-C120 layer is a C60 offset to one corner of the [CoSe][C120]4 rectangle. 
The next cluster-C120 layer lies over the C60 layer such that each C60 has two inversion-related, 
short intermolecular contacts to C120 units. 
 
The Co6Se8 cluster has a geometry typical of a neutral cluster (Figure 2.18). We have also 
determined the structure of isolated Co6Se8(PiPr2phen)6. The cluster in the C60 cocrystal has a 
slightly contracted Co6 octahedron but also slightly contracted Co-P bonds. The difference is 
within the typical variation of cluster geometry in a single redox state. 
 
Figure 2.18. Structural analysis indicates the cluster in [Co6Se8(PiPr2phen)6][C120][C60] is 
uncharged. 
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The fullerene dimer is formed by a formal [2+2] cycloaddition across a 6,6 junction. The 
molecule has D2h molecular symmetry and lies over an inversion center. The intercage C-C 
distance is 1.686(10) Å (Table 2.3). The geometry of the C120 molecule is remarkably different 
from any previously reported fullerene dimer. A search for C120 in the Cambridge Structural 
Database gives 22 fully described structures. 17 of these structures are single-bonded C1202- 
dianions analogous to the C1402- dianions described above. Two structures are [2+2] dianions 
with intercage C-C distances of 1.607(6) and 1.581(3) Å.34,35 Two structures are neutral [2+2] 
dimers with intercage C-C distances of 1.581(7) and 1.583(4) Å (one of these structures 
encapsulating two water molecules as (H2O)2@C120).36,37 
 
	   	   
Figure 2.19. Top and side views of [Co6Se8(PiPr2pae)6][C120][C60]. Fullerene dimers are gray 
and fullerene monomers are light blue. The views are along [001] (perpendicular to the ab plane) 
and along (010) respectively. 
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Without independent evidence for this unusual structure, we cannot eliminate the possibility that 
the structure is seriously in error in some unknown way, but we note that the refinement appears 
excellent by all measures. R1 (F > 4σ(F)) is 5.3%, compared to R(int) 5.0% and R(sigma) 7.6%. 
The final Fourier difference map has features of 0.62 and -0.54 e- Å-3, which are much better 
than the results we typically obtain for other cluster-based materials. The fullerene dimer is 
refined with unrestrained coordinates and anisotropic ADPs and gives reasonable values for all 
C-C distances other than the extraordinary intercage C-C bond. The asymmetric unit contains 
three toluene molecules (one disordered over two independent positions) and these were modeled 
explicitly with the use of reasonable similarity restraints. All non-solvent hydrogen atoms could 
be found explicitly in difference maps, which indicates an exceptionally good refinement for a 
structure of this composition. 
 
A possible explanation for the strange geometry involves the C60 monomer between the cluster-
dimer layers. The C60(monomer)-C60(dimer) centroid-centroid distance is 9.8040(13) Å, which is 
significantly shorter than the distance in crystalline C60 of 9.936(3) Å.38 The angle between the 
intercage axes C60(dimer)-C60(dimer) and C60(dimer)-C60(monomer) is 134.65(4)°. The shortest 
perpendicular mean-plane(monomer) to C(dimer) distance is 3.064(8) Å, which is much shorter 
than the spacing of graphite (3.35 Å). This strong intermolecular interaction does not fully 
explain the geometry of the dimer, but it points to further details of the structure that we may be 
able to investigate by variable-temperature SCXRD or other techniques. (For example, do the 
two independent intercage spacings change with temperature?) We also note that there are 
extended chains C120…C60…C120 aligned along (11-1) and this may cause significantly 
anisotropic charge transport if we can generate carriers in this material using dopants or light.  
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Figure 2.20. Two views of the C120 dimer. Bond lengths and angles are given in Table 2.3. 
Atoms labeled “a” are generated by 2-x,1-y,-z. 
A	   B	   d	  (Å)	   	  	   A	   B	   C	   angle	  (°)	  
	   	   	   	   	   	   	   	  C1	   C2a	   1.686(10)	  
	  
C6	   C1	   C9	   101.9(5)	  
C1	   C2	   1.542(10)	  
	  
C3	   C2	   C12	   102.4(7)	  
C1	   C6	   1.491(10)	  
	  
C6	   C1	   C2	   117.8(6)	  
C1	   C9	   1.525(11)	  
	  
C9	   C1	   C2	   116.1(7)	  
C2	   C3	   1.479(10)	  
	  
C3	   C2	   C1	   114.9(6)	  
C2	   C12	   1.514(10)	  
	  
C12	   C2	   C1	   116.3(6)	  
	   	   	   	   	   	   	   	  
Table 2.3. Selected bond lengths and angles in the C120 dimer.  
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2.5. Solids based on uncharged C60 and C70. 
Dr. Christopher Bejger has performed extensive studies on the chemistry of 
Co6Se8(PEt2C6H4CO2H) and its derivatives. The isolated cluster crystallizes in two 
modifications. The first form we characterized is a rhombohedral, two-dimensionally cross-
linked, layered material with large solvent-filled voids between the layers. The second 
modification is a solvent-free, three-dimensionally hydrogen-bonded polymer. We speculated 
that in the presence of a fullerene the cluster might crystallize in its layered rhombohedral 
structure with fullerenes occupying the voids that previously contained disordered solvent. 
Unexpectedly, upon reacting the cluster with C60, we obtained a rhombohedral 1:1 cocrystal 
(Figure 2.21) that has a completely rearranged hydrogen-bonding network. The structure 
contains sheets of cluster and C60, but instead of intra-layer hydrogen bonds, the cluster forms 
three hydrogen bonds with each adjacent layer. The superatom basis set is one fullerene at (0 0 0) 
and one cluster at (0 0 ½) in the hexagonal setting; the structure can be viewed as a rock-salt 
lattice (Fm-3m) stretched along the hexagonal c axis by a factor of 1.66.  
    
Figure 2.21. Side and top views of [Co6Se8(PEt2C6H4CO2H)6][C60]. Views along (100) and 
(001) respectively. 
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Figure 2.22. Pseudorhombohedral layers in triclinic [Co6Se8(PEt2C6H4CO2H)6][C70]. Views 
along (100) and [001] respectively. 
 
When C60 is replaced by C70, the symmetry is lowered to give a slight triclinic distortion of the 
parent rhombohedral structure (Figure 2.22). The lattice is expanded by 3.7% in volume. Figures 
2.22 and 2.23 highlight the close similarity of the Co6Se8(PEt2C6H4CO2H)6 • C60 and • C70 
cocrystals. 
 
The fullerene A2g Raman mode of [Co6Se8(PEt2C6H6CO2H)6][C60] is characteristic of uncharged 
C60.39 The carboxylate hydrogen-bonding network explains why this might be the case: the 
highly directional intermolecular interactions maintain a geometry that holds the cluster and 
fullerene at much increased separation (Figure 2.23). The cluster-fullerene centroid-centroid 
distance in [Co6Se8(PEt2C6H6CO2H)6][C60] is 12.41 Å, compared to 10.04 Å in 
[Co6Se8(PEt3)6][C60]2 and 10.11 Å in [Co6Te8(PEt3)6][C60]2. This increased separation can be 
expected to greatly reduce the electrostatic stabilization of a transferred electron. The structures 
of the Co6Se8P6 cores (Figure 2.24) confirm that no charge has been transferred.   
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Figure 2.23. Fullerenes surrounded by (pseudo)-octahedral arrays of six clusters in 
rhombohedral [Co6Se8(PEt2C6H6CO2H)6][C60] (left) and triclinic 
[Co6Se8(PEt2C6H6CO2H)6][C70]. Black, carbon; red, oxygen; orange, phosphorus; blue, cobalt; 
green, selenium. Ligand C and O atoms are only shown if they participate in hydrogen bonding 




Figure 2.24. Geometry of clusters in Co6Se8 carboxylate-fullerene cocrystals.  
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After seeing the remarkable effect of changing Co6Te8(PEt3)6 to Co6Te8(PEt2Me)6 (Section 2.4), 
we investigated the effect of a slightly larger ligand using Co6Te8(PEt2Ph)6. This cluster 
cocrystallizes readily with C60 and C70, each in a 1:1 ratio. Each cocrystal contains a significant 
amount of solvent: the total solvent-occupied void space as calculated by Platon Calc Solv is 
16% in the C60 cocrystal and 24% in the C70 cocrystal. 
 
Figure 2.25. Two views of [Co6Te8(PEt2Ph)6][C70]. Views along (100) and (001) respectively 
with b up. Many toluene and 1-methylnaphthalene molecules are omitted. 
 
The two fullerene cocrystals with Co6Te8(PEt2Ph)6 pack without a distinctive structural motif; it 
appears that the packing optimizes van der Waals interactions among the cluster, fullerene and 
cocrystallized solvent. Some cluster-fullerene contacts are relatively close. 
[Co6Te8(PEt2Ph)6][C70] has one centroid-centroid contact of 10.38 Å, one of 10.79 Å, and 
several longer. [Co6Te8(PEt2Ph)6][C60] has one 10.18 Å contact, one 10.24 Å, and several longer. 
These distances can be compared to the 10.04 Å centroid-centroid distances in 
[Co6Se8(PEt3)6][C60]2. 
	   124	  
 
 
Figure 2.26. Two views of [Co6Te8(PEt2Ph)6][C60]. Top, view along (011) with (100) up. 
Bottom, view along (100) with (011) up; only one cluster layer is shown with its adjacent 
fullerenes. 
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[Co6Te8(PEt2Ph)6][C60] was studied by Raman spectroscopy and appeared to contain uncharged 
fullerenes, which is consistent with the irregular packing and high solvent content of the crystal. 
Therefore it is surprising to find that the cluster in both cocrystals is a monocation when assessed 
by SCXRD at 100 K (Figure 2.27). 
 
Figure 2.27. Redox states in [Co6Te8(PEt2Ph)6][C60] and [Co6Te8(PEt2Ph)6][C70] as assessed by 
SCXRD. 
 
As discussed in Section 2.3, it is reasonable that a low-temperature phase transition accompanied 
by a decrease in volume might promote charge separation. A room-temperature SCXRD study 
will help us test this interpretation. According to the theory developed in Section 2.3, the Raman 
result obtained for [Co6Te8(PEt2Ph)6][C60] also predicts that the electronic absorption of this 
material near the Raman laser wavelength has no overlap with the C60 A2g mode that is probed in 
this experiment. 
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2.6. A heterolayered cluster-fullerene solid templated by aromatic ball-and-socket interactions. 
 
A manuscript describing this material is currently in preparation.40 
 
The Nuckolls lab has previously demonstrated strong interactions between fullerenes and shape-
complementary polyaromatic fragments.41–43 Prof. Xavier Roy synthesized the cluster 
Co6Se8(PEt2phen)6 (phen = 9-phenanthrylethynyl) and attempted its cocrystallization with C60. 
The crystals grew as light brown flakes that diffracted X-rays very weakly. Prof. Roger 
Lalancette was able to construct a partial model from which we determined the stoichiometry as 
[Co6Se8(PEt2phen)6][C60]5. After many attempts to improve the crystallization conditions, 
Bonnie Choi slowly evaporated a toluene solution of the building blocks in the stoichiometric 1:5 
ratio and was able to obtain thin flakes (<10 µm thick) that were nonetheless diffraction-quality. 
We determined a high-quality structure in the Shared Materials Characterization Laboratory.  
 
[Co6Se8(PEt2phen)6][C60]5 has a layered rhombohedral structure in R-3 with alternating layers 
[Co6Se8(PEt2phen)6][C60]2 and [C60]3 extending perpendicular to the c axis. The layers fully 
eclipse each other when viewed in the perpendicular direction. The c axis is unusually long (79.1 
Å) and the long unit cell direction is the thin direction in the macroscopic crystal. 
 
The cluster forms two axially oriented bowls, each consisting of three phenanthrene units (Figure 
2.28). Each bowl holds one of the fullerenes in the [C60]3 layer. As a consequence of the 
rhombohedral stacking of layers, these fullerenes are only cupped on one side. There are two 
independent fullerenes in the [C60]3 layer. One sits in the middle of the layer and is eclipsed by 
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fullerenes in the +c and -c directions. The other is displaced by 0.95 Å toward the side on which 
it is enclosed by a phenanthrene bowl. This displacement gives the [C60]3 layer a slightly 
corrugated appearance. 
 
Figure 2.28. Ball-and-socket structure of Co6Se8(PEt2phen)6 with two fullerenes from adjacent 
layers.  
 
The [Co6Se8(PEt2phen)6][C60]2 layer (Figure 2.29) has a resemblance to the CdI2-like structure 
of [Co6Se8(PEt3)6][C60]2, but the layer is somewhat compressed in the perpendicular direction. 
The fullerenes lie 3.16 Å above and below the mean plane of the layer, in contrast to 4.28 Å in 
[Co6Se8(PEt3)6][C60]2. The layer is therefore expanded in its plane, with the lattice a parameter 
expanded by 6.6% from 15.75 Å to 16.79 Å.  
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Figure 2.29. Views of [Co6Se8(PEt2phen)6][C60]5 along the (001) direction (top) and along the 
(110) direction (bottom).  
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The Raman spectrum of [Co6Se8(PEt2phen)6][C60]5 has signals at 1468 and 1462 cm-1, which are 
characteristic of neutral C60 and C601-. This suggests the [Co6Se8][C60]2 layer may contain 
reduced fullerides that hold the layer together electrostatically while the [C60]3 layer is held in 
place by strong van der Waals interactions. Unexpectedly, the structural data (Figure 2.30) imply 
that the cluster is uncharged at 100 K.  
 
 
Figure 2.30. Structural analysis of redox states in [Co6Se8(PEt2phen)6][C60]5. 
 
We are continuing to investigate this remarkable structure. An infrared absorption study has 
found an optical band gap of ~200 meV, which indicates the collective band structure of 
[Co6Se8(PEt3)6][C60]2 is retained in this material. We have also found that mechanical exfoliation 
can afford flakes under 100 nm in thickness with atomically flat surfaces and step edges of ~3 
nm, which is the spacing of a single layer. Further studies will be required to resolve the 
disagreement of the Raman and X-ray structural data and fully describe the distribution of 
charges. 
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2.7. Conclusion. 
When the Nuckolls and Roy groups presented the first several examples of cluster fulleride 
superatom solids,9,10 it seemed their structural chemistry would develop in an orderly way, with 
simple connections between cluster-assembled materials and parent inorganic lattices. Our recent 
efforts demonstrate that a small symmetry-lowering modification, e.g. C60 to C70 or PEt3 to 
PEt2Me, can be an entry to new and unknown structural space. Lattice distortions, fullerene 
dimerization, and layered heterostructures are some of the elements that give rise to the 
remarkable diversity that we have begun to discover. We have determined the structures of nine 
cluster-fullerene solids that exemplify these structural modifications.  
 
Co6Te8(PEt3)6 cocrystallizes with C60 in a simple CdI2-type lattice and with C70 in a monoclinic 
modification of the CdI2 lattice that brings half of the fullerenes together in C1402- dimers. 
Co6Te8(PEt2Me)6 and C70 form an unusual heterolayered structure containing a zig-zag array of 
cluster cations stacked with a complementary array of C1402- anions. These layers are separated 
by layers of neutral C70.  
 
We found a different type of fullerene dimer in [Co6Se8(PiPr2phen)6][C120][C60], which contains 
neutral [2+2] fullerene dimers with an unprecedented intercage C-C distance of 1.69 Å. The long 
bonded distance is accompanied by a short nonbonded C60…C120 contact.  
 
The carboxylate-functionalized cluster Co6Se8(PEt2C6H4CO2H)6 forms fullerene cocrystals with 
a strong, three-dimensionally hydrogen-bonded lattice. The symmetry is rhombohedral for a C60 
guest and lowered to triclinic for a C70 guest, but the structure is essentially unchanged. The 
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highly directional intermolecular interactions prevent the cluster and fullerene from approaching 
each other closely enough for electron transfer to occur. A simple increase in ligand size also 
appears enough to prevent charge transfer in the case of Co6Te8(PEt2Ph)6, which cocrystallizes 
with C60 and C70 in low-symmetry van der Waals cocrystals with high solvent content. However, 
the X-ray structural data complicate this picture by suggesting that the cluster is actually cationic 
at 100 K.  
 
[Co6Se8(PEt2phen)6] and C60 form a heterolayered van der Waals structure with layers 
[Co6Se8][C60]2 and [C60]3. The packing is controlled by shape-complementary interactions 
between the fullerene and a “socket” of three phenanthrene moieties.  
 
These studies were partly enabled by the collection of a database of Co6Q8(PR3)6 clusters in 
known oxidation states, which provided trends in Co-Co and Co-P distances that allow us to 
accurately measure a cluster’s charge by SCXRD. In the future we will improve the reliability of 
this database by synthesizing additional authentic samples of clusters in (1+) and (2+) oxidation 
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Table 2.4. Crystal data and selected structural parameters for all new compounds. 
 
  
Compound [Co6Te8(PEt3)6][C60]2 [Co6Te8(PEt3)6]2[C140][C70]2 [Co6Te8(PEt2Me)6]2[C140][C70]2
Formula C156H90P6Co6Te8 C176H90P6Co6Te8 C170H78P6Co6Te8
MW 3524.47 3764.67 3680.52
SpaceAgroup P23m1 P21/n P21
aA(Å) 16.0364(2) 25.3864(6) 16.1061(6)
bA(Å) 16.0364(2) 16.3196(3) 19.1507(7)
cA(Å) 12.30239(19) 28.8221(6) 20.5076(6)
α%(°) 90 90 83.326(3)
β A(°) 90 92.581(2) 66.885(3)
γA(°) 120 90 89.297(3)
VA(Å
3
) 2738.89(9) 11928.8(5) 5774.3(4)
Z 1 4 2
ρcalcA(gAcm
H3
) 2.136 2.096 2.117
TA(K) 100 100 100
λA(Å) 0.71073 0.71073 1.54184
2θmin ,A2θmax 6.624,959.34 6.554,953.464 8.956,9144.0
Nref 66980 155153 109186
R(int),AR(σ) .0532,9.0212 .0439,9.0319 .095,9.0394
μ(mm
H1
) 3.126 2.880 23.518
SizeA(mm) .069x9.049x9.02 .099x9.089x9.04 .169x9.069x9.05
Tmax,ATmin .926,9.8739(calc.) .928,9.851 .644,9.296
Data 2745 25268 31241
Restraints 580 8152 4291
Parameters 254 3097 2097
R1(obs) 0.0322 0.0453 0.0627
wR2(all) 0.0607 0.0865 0.1884





) 1.37,920.69 1.35,920.99 2.66,922.13
dCoHCo,trans 4.444 4.441 4.399
dCoHP 2.182 2.174 2.173
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Formula C333H162P6Co6Se8 C434H130P6Co6Se8 C164H122O12P6Co6Se8
MW 5333.70 6514.45 3455.69
SpaceDgroup P31 R33m P31
aD(Å) 14.0006(3) 16.7992(2) 14.0132(5)
bD(Å) 17.3923(4) 16.7992(2) 14.2657(6)
cD(Å) 23.8069(6) 79.0867(11) 20.4900(6)
α%(°) 77.756(2) 90 109.101(3)
β D(°) 73.507(2) 90 90.184(3)
γD(°) 88.244(2) 120 119.325(4)
VD(Å3) 5429.4(2) 19329.0(6) 3307.5(2)
Z 1 3 1
ρcalcD(gDcm
L3) 1.631 1.679 1.735
TD(K) 100 100 100
λD(Å) 1.54184 1.54184 1.54184
2θmin ,D2θmax 9.402,9143.0 8.258,9143.1 9.32,9143.7
Nref 42672 101472 53959
R(int),DR(σ) .0495,9.0756 .0998,9.0309 .0693,9.0583
μ(mmL1) 5.999 5.196 9.498
SizeD(mm) .099x9.039x9.02 .089x9.069x9.01 .099x9.079x9.02
Tmax,DTmin .911,9.755 .968,9.748 .893,9.591
Data 20731 4657 12759
Restraints 888 636 1822
Parameters 2035 407 1320
R1(obs) 0.0528 0.0412 0.0546
wR2(all) 0.1370 0.0967 0.1459
S 1.024 1.028 1.039
Peak,DholeD(eL DÅL3) 0.62,930.54 0.62,930.46 1.20,931.02
dCoLCo,trans 4.187 4.126 4.118
dCoLP 2.130 2.123 2.120
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Table 2.4 (cont.) 
 
  
Compound [Co6Se8(PEt2C6H4CO2H)6][C60] [Co6Te8(PEt2Ph)6][C60] [Co6Te8(PEt2Ph)6][C70]
Formula C126H90O12P6Co6Se8 C134H106P6Co6Te8 C157.5H119.5P6Co6Te8
MW 2967.05 3276.38 3572.22
SpaceBgroup R53 P21/n P21/n
aB(Å) 13.9722(3) 25.67975(19) 14.87383(19)
bB(Å) 13.9722(3) 15.43223(10) 29.8584(4)
cB(Å) 56.5916(11) 28.1399(2) 28.6723(5)
α%(°) 90 90 90
β B(°) 90 96.2863(6) 100.2120(4)
γB(°) 120 90 90
VB(Å
3
) 9567.9 11084.68(14) 12531.9(3)
Z 3 4 4
ρcalcB(gBcm
J3
) 1.545 1.963 1.893
TB(K) 100 100 100
λB(Å) 1.54184 1.54184 1.54184
2θmin ,B2θmax 9.376,;143.0 8.532,;143.1 8.460,;143.2
Nref 76812 145800 54713
R(int),BR(σ) .0510,;.0204 .0409,;.0236 0.0347,;0.0465
μ(mm
J1
) 9.742 24.387 21.638
SizeB(mm) .12;x;.08;x;.07 .07;x;.06;x;.05 .12;x;.07;x;.05
Tmax,BTmin .647,;.452 .466,;.282 .574,;.245
Data 4130 21523 23874
Restraints 318 4520 6172
Parameters 338 1940 2556
R1(obs) 0.0484 0.0307 0.0374
wR2(all) 0.1343 0.0733 0.0948





) 1.47,;50.53 0.84,;50.88 0.71,;50.83
dCoJCo,trans 4.124 4.410 4.392
dCoJP 2.124 2.165 2.160
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2.8. Experimental section. 
Data for all compounds were collected on an Agilent SuperNova diffractometer using mirror-
monochromated Cu Kα or Mo Kα radiation. Data collection, integration, scaling (ABSPACK) 
and absorption correction (face-indexed Gaussian integration44 or numeric analytical methods45) 
were performed in CrysAlisPro. Structure solution was performed using ShelXS,46 ShelXT,47 or 
SuperFlip.48 Subsequent refinement was performed by full-matrix least-squares on F2 in 
ShelXL.46 Olex249 was used for viewing and to prepare CIF files. PLATON50 was used 
extensively for SQUEEZE,24 ADDSYM51 and TwinRotMat. Many disordered solvent molecules 
were modeled as rigid fragments from the Idealized Molecular Geometry Library.52 ORTEP 
graphics were prepared in CrystalMaker. Thermal ellipsoids are rendered at the 50% probability 
level.  
 
The three-dimensional packing of these structures is depicted in the preceding sections. This 
section includes an ORTEP depiction of the molecular structure of each compound as an aid to 
assess the overall quality of the refinement. 
 
Crystal structure of [Co6Te8(PEt3)6][C60]2: 
An o-dichlorobenzene solution of [Co6Te8(PEt3)6][BF4] and C60 was electrolyzed for 5 days 
using a platinum wire cathode and a constant current of 0.5 µA. The resulting crystals were 
gently removed from the electrode with a knife. (Note that crystallization by simple mixing of 
the neutral precursors in toluene is also possible, but this method gave the best crystals.) A 
suitable crystal (.06 x .04 x .02 mm) was mounted with the aid of STP oil treatment and cooled 
to 100 K on the diffractometer. Complete data were collected to 0.833 Å and 96% completeness 
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to 0.72 Å. 66980 reflections were collected (2745 unique, 2533 observed) with R(int) 5.3% and 
R(sigma) 2.1% after absorption correction (multi-scan).  
 
The apparent Laue group was -3m1. A solution in P-3m1 revealed that the C60 crystallizes on 
Wyckoff position d (site symmetry 3m) in an orientation that does not fulfill the site symmetry. 
The structure can be refined in P-3m1 with the C60 and the entire PEt3 residue disordered over 
the mirror plane or in merohedrally twinned P-3 with the C60 and PEt3 ordered. 
 
The refinement was continued in disordered P-3m1. All PEt3 atoms were located in the 
difference map and refined with the help of 1,2- and 1,3- DFIX restraints (which could be 
released in the final refinement). The C60 was introduced as a rigid fragment from the Idealized 
Molecular Geometry Library. Equivalent atoms (assuming threefold symmetry parallel to the c 
axis) were deleted, leaving a unique set of 20 atoms. The rigid body constraint was released; the 
C60 geometry was stabilized with a SADI restraint for all independent 5,6 junctions (20 
independent distances).  
 
Anisotropic refinement of all atoms was possible at this point. The PEt3 ADPs were restrained 
with RIGU and the C60 was restrained with RIGU and a strong SIMU restraint. The C60 has 
pronounced oblate (pancake-shaped) ADPs, which may represent residual dynamic motion or a 
slight misalignment of the molecular threefold axis with the crystallographic c axis.  
 
At this point the possibility of an ordered structure in twinned P-3 was investigated further. The 
space group was transformed to P-3 and the refinement was attempted (1) without changing any 
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geometry and (2) after reflecting the PEt3 group perpendicular to (1 -1 0). Both of these models 
had unrealistic ADPs and a worse R-factor compared to the disordered model. Therefore we 
prefer the model in P-3m1. We note that the model does not distinguish between two possible 
relative orientations of the C60 and PEt3 group, but neither orientation gives any unrealistic 
intermolecular distances or other signs of trouble. 
 
Hydrogen atoms were placed in calculated positions and refined with riding coordinates and 
ADPs. The final refinement (2745 data, 254 parameters, 580 restraints) converged with R1 (Fo > 
4σ(Fo)) = 3.2%, wR2 = 6.1%, S = 1.20. The largest Fourier peak was 1.37 e- A-3 and occurred 
near the fullerene, which may indicate some deviation from strict threefold symmetry. The 
largest negative peak was -0.69 e- A-3. 
 
Figure 2.31. Molecular structure of [Co6Te8(PEt3)6][C60]2. Black, carbon; orange, phosphorus; 
blue, cobalt; teal, tellurium. The view is approximately aligned with the 001 axis. The structure 
in P-3m1 has a crystallographic mirror plane containing the x and z axes of this page; the 
fullerene and the phosphine alkyl groups are disordered over this mirror plane.  
 
 
	   138	  
Crystal structure of [Co6Te8(PEt3)6]2[C140][C70]2: 
A toluene solution of C70 was layered on a 1-methylnaphthalene solution of Co6Te8(PEt3)6. Upon 
standing overnight, the mixture deposited large black crystals of [Co6Te8(PEt3)6]2[C140][C70]2.  
Part of a crystal (.09 x .08 x .04 mm) was separated carefully, mounted with STP oil treatment, 
and cooled to 100 K on the diffractometer. Complete data (99.7%) were collected to 0.80 Å. 
155153 reflections were collected (25268 unique, 17943 observed) with R(int) 4.4% and 
R(sigma) 3.2% after analytical absorption correction (Tmax .928, Tmin .851).  
 
As discussed in Section 2.2, the lattice assignment was not obvious, but when the correct cell had 
been input, data reduction proceeded uneventfully. The space group was assigned as P21/n based 
on the systematic absences. The structure solved readily in ShelXS with 1 cluster in the 
asymmetric unit.  
 
One fullerene (the one that forms a C140 dimer) was located readily in the Fourier maps, while the 
other showed obvious signs of disorder. This molecule was located in 2 disordered positions by 
the following procedure: A C70 molecule from a previously determined structure was introduced 
as a FRAG fragment twice in parts 1 and 2 with rigid geometry and each occupancy constrained 
to 0.4. Each molecule was initially placed in an arbitrary orientation. The structure was refined 
and the isotropic ADPs in the resulting structure were observed. The difference Fourier map, 
which had some net positive density due to the low occupancies, was visualized in Olex2. The 
molecule suffering from more unreasonable ADPs was rotated using Olex2 “mode fit” to fit the 
Fourier map as well as possible and the refinement was repeated. After several cycles of this 
procedure, one position of the C70 refined with all reasonable ADPs. At this point the second 
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position appeared straightforwardly in the difference map and the occupancy ratio was refined to 
54:46. These molecules were left as rigid fragments while the rest of the refinement proceeded. 
 
The phosphine alkyl groups mostly appeared straightforwardly in the Fourier maps. One 
triethylphosphine was disordered over two resolvable positions in a 62:38 ratio; these were 
refined with similarity restraints on all disordered atoms. This appeared to cause a slight disorder 
of the whole cluster, which caused moderately sized features (up to 1.3 e- Å-3) near the other 
phosphorus atoms in the final difference maps.  
 
When the cluster had been refined anisotropically, it became apparent that the fullerene dimer 
also had a disordered second position. This was located by duplicating the major position as a 
FRAG fragment and rotating it around the C1-C1a bond. The ratio of these two disordered 
positions refined to 77:23.  
 
When all atoms had been located, the rigid-body constraints on the fullerene molecules could be 
released, stabilizing the resulting geometry with SAME. 
 
Anisotropic refinement of all atoms was possible, but a strong short-range SIMU restraint was 
required for overlapping ADPs as well as standard SIMU and RIGU restraints on all disordered 
atoms. 
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Hydrogens were placed in calculated positions and refined with riding coordinates and ADPs. 
The final refinement (25268 data, 8152 restraints, 3097 parameters) converged with R1 (Fo > 
4σ(Fo)) = 4.5%, wR2 = 8.6%, S = 1.06. The largest Fourier features were 1.35 and -99 e- A-3.  
   
 
Figure 2.32. Asymmetric unit of [Co6Te8(PEt3)6]2[C140][C70]2. Black, carbon; orange, 
phosphorus; blue, cobalt; teal, tellurium. Both fullerenes and one phosphine are disordered; the 
minor positions are omitted for clarity. The sp3 carbon of the C140 dimer is highlighted in red. 
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Crystal structure of [Co6Te8(PEt2Me)6]2[C140][C70]2: 
A toluene solution of C70 was layered on a 1-methylnaphthalene solution of Co6Te8(PEt2Me)6 
and the mixture deposited black tablets upon standing overnight. A suitable crystal (.16 x .06 x 
.05 mm) was mounted with the aid of STP oil treatment and cooled to 100 K on the 
diffractometer. Complete data were collected to 0.833 Å. 109186 reflections were collected. 
 
The lattice was metrically near C-centered monoclinic with α=89.3°, β=96.9°, γ=90.0°. R(int) 
statistics showed that the true lattice was triclinic P with the crystal twinned by twofold rotation 
around the pseudo-monoclinic b axis. The twin law expressed in the basis of the triclinic cell was 
approximately (100/0-10/-10-1), but many reflections were completely separated so that a twin 
decomposition and subsequent HKLF 5 refinement were preferred. The merged reflection file 
contained 31241 unique reflections (18045 overlapped, 6571 and 6625 isolated for components 1 
and 2 respectively) and was 100% complete to 0.833 Å.  For all reflections, R(int) = 9.3% and 
R(sigma) = 6.6% after absorption correction (Tmax = 0.644, Tmin = 0.296). 
  
The structure was solved using ShelXT with the isolated reflections of component 1. The space 
group was assigned as P-1. Subsequent refinement in ShelXL used all reflections in the merged 
HKLF 5 file; the twin volume fraction ultimately refined to 52:48.  
 
Most non-H atoms were located rapidly using Fourier maps. Two PEt2Me groups were 
disordered over two positions; these were refined with bond lengths and ADPs restrained by 
SAME, RIGU and SIMU. In one case it was necessary to constrain a pair of overlapping ADPs 
with EADP.  
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The dimerized C140, which lay across an inversion center with ½ molecule in the asymmetric 
unit, was fully ordered and refined anisotropically with no restraints. The monomeric C70 was 
disordered over two positions in a 72:28 ratio. The major position was located first and refined 
isotropically. Its geometry was stabilized by making one 5-membered ring a variable-metric rigid 
group using AFIX 59 and restraining the other 11 5-membered rings using SAME. The 
occupancy of this major position was reduced and its geometry was copied and rotated as a rigid 
fragment to locate the minor position. The occupancy ratio was refined and the AFIX 
instructions were released to relax the geometry of both components. The two components were 
restrained to be alike and all 5-membered rings were made equal using SAME. The major 
component was refined anisotropically with RIGU and the minor component was refined 
isotropically with a short-range SIMU instruction for overlapping ADPs. 
 
Hydrogen atoms were placed in calculated positions and refined with riding coordinates and 
ADPs. The final refinement (31241 data, 2097 parameters, 4291 restraints) converged with R1 
(Fo > 4σ(Fo)) = 6.3%, wR2 = 20.1%, S = 1.01. The largest Fourier features were 2.66 and -2.13 e- 
A-3 and occurred near Te atoms. 
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Figure 2.33. Asymmetric unit of [Co6Te8(PEt2Me)6]2[C140][C70]2. Black, carbon; orange, 
phosphorus; blue, cobalt; teal, tellurium. Hydrogen atoms and the minor positions of disordered 
atoms are omitted for clarity. The sp3 carbon of the C140 dimer is highlighted in red. 
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Crystal structure of [Co6Se8(PiPr2phen)6][C120][C60]: 
Toluene solutions of Co6Se8(PiPr2phen)6 and C60 were mixed in a 3:1 molar ratio and allowed to 
slowly evaporate inside the glovebox. The mixture deposited black crystals after several days. A 
suitable crystal (.09 x .03 x .02 mm) was mounted with the aid of STP oil treatment and cooled 
to 100 K on the diffractometer. Complete data (99.9%) was collected to 0.833 Å; 97.9% 
completeness was collected to 0.815 A. 42762 reflections were collected (20731 unique, 14988 
observed) with R(int) = 5.0% and R(sigma) = 7.6% after absorption correction (Tmax = 0.911, 
Tmin = 0.755). 
  
The structure was solved readily in P-1 using Superflip. The cluster with all ligand atoms and the 
two independent C60 molecules (one on an inversion center and one on a general position) were 
located immediately. The unit cell contains 3 molecules of toluene, each disordered over an 
inversion center, with one of the three molecules additionally disordered over 2 independent 
positions. These were introduced as fragments from the IMGL (ref.) and subsequently refined 
with geometry and ADPs restrained by SAME, RIGU and a short-range SIMU restraint.  
 
At this point, the difference map revealed a minor second position for the non-dimerized 
fullerene. The disorder was modeled by copying the coordinates of the major position, rotating 
this fragment as a rigid fragment until the correct position was identified, and subsequently 
releasing the geometry subject to a SAME restraint. The ADPs of the minor component were 
also restrained by RIGU and a short-range SIMU instruction. The occupancy of the two positions 
refined to 86:14. 
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All other non-H atoms were refined freely. Hydrogen atoms were placed in calculated positions 
and refined with riding coordinates and ADPs. 
 
The final refinement (20731 data, 2035 parameters, 888 restraints) converged with R1 (Fo > 
4σ(Fo)) = 5.3%, wR2 = 13.7%, S = 1.00. The largest Fourier features were 0.62 and -0.54 e- A-3. 
 
 
Figure 2.35. Molecular structure of [Co6Se8(PiPr2phen)6][C120][C60]. Black, carbon; orange, 
phosphorus; blue, cobalt; green, selenium. Hydrogen atoms, the minor positions of disordered 
atoms, and three molecules of toluene are omitted for clarity. 
	   146	  
Crystal structure of [Co6Se8(PEt2phen)6][C60]5: 
Toluene solutions of C60 and Co6Se8(PEt2C2phen)6 were mixed in a 5:1 ratio and allowed to 
evaporate inside the glovebox for several days to deposit thin, light red-brown flakes of the 
cocrystal. Many crystals were aggregates of individual flakes stuck together on their flat (001) 
faces. A single crystal (.08 x .05 x .01 mm) was identified, mounted with STP oil treatment and 
cooled to 100 K on the diffractometer. The diffraction pattern was weak but showed sharp Bragg 
peaks out to the resolution limit. Since the thin crystal was expected to need accurate absorption 
correction, a highly redundant data set was collected, approximately 2x the full sphere (21.8x 
redundancy in -3m1). Frames were collected at 12.5 s exposures for detector theta=35 deg. and 
62.5 s for theta=110 deg., which resulted in a 4 day data collection. 101472 reflections were 
collected (4657 unique, 4030 observed) with R(int) 10.0% and R(sigma) 3.1% after absorption 
correction (Tmax .948, Tmin .748).  
 
Merging R statistics and <E2-1> suggested the space group was R-3 or R-3m. Superflip proposed 
R-3m, which gave a well-resolved Co6Se8P6 core, but the density for the phosphine alkyl groups 
and the C60 molecules was hard to interpret. A refinement in R-3 (merohedrally twinned) gave a 
more interpretable difference map, but the phosphine was disordered by 
clockwise/counterclockwise orientation around the c axis. Inspection of this disordered structure 
showed that it was actually a special position disorder in R-3m. The phosphine geometry was 
introduced to the R-3m solution as a FRAG fragment in part -1 with DFIX restraints on bonded 
C-C distances.  
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The C60 molecules were apparent in the difference map but specific atomic positions were 
difficult to locate. Each fullerene was introduced as a rigid fragment from the Idealized 
Molecular Geometry Library with a negative part number and an occupancy determined from its 
Wyckoff position. Subsequent refinement and examination of difference maps showed that each 
fullerene was disordered over several independent positions; two were modeled in two 
independent positions and one was modeled in three independent positions. None of the 
fullerenes was in a position that fit its site symmetry. Due to the extensive disorder and the rigid 
nature of the C60 molecule, a group isotropic ADP was refined for each fullerene. 
 
A disordered toluene molecule was located in the cluster layer and refined as a rigid fragment in 
3 independent positions. 
 
In the final refinement it was possible to release all DFIX restraints on the phosphine ligand. All 
ADPs were restrained by RIGU; the disordered toluene was additionally restrained by SIMU. All 
H atoms were placed in calculated positions and refined with riding coordinates and isotropic 
ADPs.  
 
The final refinement (4657 data, 407 parameters, 636 restraints) converged with R1 (Fo > 4σ(Fo)) 
= 4.1%, wR2 = 9.7%, S = 1.03. The largest Fourier features were 0.61 and -0.46 e- A-3. 
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Figure 2.36. Molecular structure of [Co6Se8(PEt2phen)6][C60]5. Black, carbon; orange, 
phosphorus; blue, cobalt; green, selenium. The fullerenes are each refined with a group isotropic 
ADP and each is disordered over 2 or 3 independent positions. Hydrogen atoms and a molecule 
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Crystal structure of [Co6Se8(PEt2C6H4CO2H)6][C70]: 
A toluene solution of C70 and a THF solution of Co6Se8(PEt2C6H4CO2H)6 were mixed so that the 
molar ratio of C70 to cluster was 1:1 and the ratio of toluene to THF was 9:1. Upon standing 
overnight, the mixture deposited large black hexagonal plates along with some brown precipitate.  
Part of a crystal (.09 x .07 x .02 mm) was carefully separated, mounted with STP oil treatment 
and cooled to 100 K on the diffractometer. Complete data (98.9%) were collected to 0.815 Å. 
53959 reflections were collected (12759 unique, 11059 observed) with R(int) 6.9% and R(sigma) 
5.8% after absorption correction (Tmax .893, Tmin .591).  
 
The crystal had a metric very close to monoclinic C, with a=24.9, b=14.0, c=20.5 Å; α=90.18, 
β=112.2, γ=89.9°. R(int) was 19.6% for this monoclinic cell and 6.9% for the corresponding 
half-size triclinic cell, which indicated a likely triclinic twin. When integrated on the triclinic 
cell, the structure solved readily in P-1 using ShelXS. Platon TwinRotMat was used to identify 
the twin law (100/-1-10/00-1), which describes a twofold rotation around (2 -1 0). 
 
The entire cluster with all non-H atoms was located rapidly in Fourier maps. The C70 is located 
on an inversion center, which means it has to be disordered. The molecule was initially placed as 
a rigid fragment using coordinates derived from a different structure and refined in PART -1 
with occupancy fixed at 0.5. When the refinement was stabilized, the geometry was relaxed with 
the following approach: the two axial pentagons were constrained with AFIX 59 (a variable-
metric rigid pentagon) to enforce strict fivefold symmetry with the exact C-C distance freely 
refined. The other 10 pentagons were made similar with SAME instrucions. The ten 6,6 
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junctions surrounding the axial pentagons were made similar with SADI. All ADPs were 
stabilized with RIGU. 
 
The asymmetric unit contains a pair of toluene molecules stacked face-to-face; this pair is 
disordered over two independent positions in a 52:48 ratio. These four molecules were located as 
fragments from the IMGL and subsequently refined with SAME, RIGU and FLAT restraints. 
 
C-H hydrogens were placed in calculated positions and refined with riding coordinates and 
ADPs. The difference map had clear features corresponding to the carboxylate O-H protons, but 
the quality of the data did not permit free refinement of these protons so they were placed with 
AFIX 83 (refined torsion angle) and given riding isotropic ADPs. 
 
The final refinement (12759 data, 1822 restraints, 1320 parameters) converged with R1 (Fo > 
4σ(Fo)) = 5.5%, wR2 = 14.6%, S = 1.04. The largest Fourier features were 1.19 and -1.02 e- A-3. 
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Figure 2.37. Molecular structure of [Co6Se8(PEt2C6H4CO2H)6][C70]. Black, carbon; red, oxygen; 
orange, phosphorus; blue, cobalt; green, selenium. The fullerene is disordered over an inversion 
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Crystal structure of [Co6Se8(PEt2C6H4CO2H)6][C60]: 
A toluene solution of C60 and a THF solution of Co6Se8(PEt2C6H4CO2H)6 were mixed so that the 
molar ratio of C60 to cluster was 1:1 and the ratio of toluene to THF was 9:1. Upon standing 
overnight, the mixture deposited large black hexagonal plates along with some brown precipitate.  
Part of a crystal (.12 x .08 x .07 mm) was carefully separated, mounted with STP oil treatment 
and cooled to 100 K on the diffractometer. Complete data (99.5%) were collected to 0.815 Å. 
76812 reflections were collected (4130 unique, 3910 observed) with R(int) 5.1% and R(sigma) 
2.0% after absorption correction (Tmax .647, Tmin .452).  
 
The structure solved readily in R-3 using ShelXS. The cluster and fullerene were located on 
Wyckoff positions b and a respectively, which each have point symmetry -3. The -3 axes of the 
C60 molecule are not aligned with the crystallographic -3 axis; instead the C60 is found in a three-
part special position disorder with 30 independent atoms in the asymmetric unit. This was 
modeled by introducing the C60 as a rigid fragment from the IMGL in PART -1 with occupancy 
1/6 and then deleting inversion-related atoms and correcting the remaining occupancies to 1/3. 
The disorder made the C60 atomic positions and ADPs fairly unstable, so the molecule was kept 
as a rigid fragment in the final refinement and the ADPs stabilized with RIGU. 
 
Since the structure was rhombohedral in the lower symmetry trigonal Laue group, it was checked 
routinely for merohedral twinning (twofold around -110, twin law 010/100/00-1) and 
additionally for obverse/reverse twinning (twofold around 001, twin law -100/0-10/001). Each of 
these twin laws gave a small but measurable volume fraction, respectively 0.0480(7) and 
0.0100(10), with corresponding small but measurable changes (about 3% and 0.5%) in the R 
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factors. Since ShelXL only accomodates one independent twin law at a time, the more significant 
merohedral twinning was refined. 
 
The PEt2C6H4CO2H ligand was located without difficulty. Similarly to the C70 cocrystal, the 
carboxylate O-H proton was visible in a Fourier map but its parameters could not be refined 
freely. Therefore all hydrogen atoms were placed in calculated positions and refined with riding 
coordinates and ADPs. 
 
There was a region of disordered solvent centered at 0 0 .238 and five symmetry-equivalent 
positions in the unit cell. The solvent appeared to be a mixture of toluene and THF disordered 
over the threefold axis, but no satisfactory explicit model could be found. The structure was 
treated with Platon Squeeze to recover 588 electrons (equivalent to 12 molecules of toluene) per 
unit cell. 
 
The final refinement (4130 data, 318 restraints, 338 parameters) converged with R1 (Fo > 4σ(Fo)) 




	   154	  
 
Figure 2.38. Molecular structure of [Co6Se8(PEt2C6H4CO2H)6][C60]. Black, carbon; red, oxygen; 
orange, phosphorus; blue, cobalt; green, selenium. The C60 is disordered over a threefold axis. C-
H hydrogens and a region of disordered solvent are omitted. 
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Crystal structure of [Co6Te8(PEt2Ph)6][C60]: 
A toluene solution of C70 was was layered on a 1-methylnaphthalene solution of 
Co6Te8(PEt2Ph)6 and the mixture deposited black tablets upon standing overnight. A suitable 
crystal (.07 x .06 x .05 mm) was mounted with the aid of STP oil treatment and cooled to 100 K 
on the diffractometer. Complete data (99.5%) was collected to 0.815 Å. 145800 reflections were 
collected (21523 unique, 14765 observed) with R(int) = 4.1% and R(sigma) = 2.4% after 
absorption correction (Tmax = 0.466, Tmin = 0.282). 
  
The structure was solved routinely in P21/n. The cluster with 4 out of 6 phosphine ligands was 
located easily and refined anisotropically. The fullerene was introduced and initially refined as a 
rigid fragment with coordinates from the IMGL and freely refined isotropic ADPs. Refining this 
fragment with partial occupancy revealed a second orientation for the fullerene which was also 
introduced as a rigid fragment. The occupancy ratio for the two orientations refined to 51:49.  
 
At this point it was possible to locate the remaining phosphine alkyl groups. The two disordered 
phosphines could be modeled in 3 parts related by a small rotation around the P-Co axis.  The 
bond lengths and angles of these disordered phosphines were restrained with SAME and their 
ADPs were restrained with SIMU and RIGU. In several cases it was necessary to constrain 
overlapping pairs of atoms with EADP.  
 
Two toluene molecules on general positions were located and refined with no restraints. All 
hydrogen atoms were placed in calculated positions and refined with riding coordinates and 
ADPs. 
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With the rest of the model complete, it was possible to refine the fullerene anisotropically using 
RIGU and SIMU .01 .02 .8 for overlapping ADPs. By restraining the refinement with DAMP 
3000, it was possible to relax the coordinates of the fullerene. After this step, the rigid-body 
refinement was restored using the new coordinates and the shift-limiting restraint was removed.  
 
The final refinement (21523 data, 1940 parameters, 4520 restraints) converged with R1 (Fo > 
4σ(Fo)) = 3.1%, wR2 = 7.3%, S = 1.03. The largest Fourier features were 0.84 and -0.88 e- A-3. 
 
Figure 2.39. Molecular structure of [Co6Te8(PEt2Ph)6][C60]. Black, carbon; orange, phosphorus; 
blue, cobalt; teal, tellurium. Hydrogen atoms and the minor positions of disordered atoms are 
omitted.  
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Crystal structure of [Co6Te8(PEt2Ph)6][C60]: 
A toluene solution of C70 was was layered on a 1-methylnaphthalene solution of 
Co6Te8(PEt2Ph)6 and the mixture deposited black tablets upon standing overnight. A suitable 
crystal (.12 x .07 x .05 mm) was mounted with the aid of STP oil treatment and cooled to 100 K 
on the diffractometer. Complete data (99.8%) was collected to 0.833 Å and 97.6% completeness 
to 0.815 Å. 54713 reflections were collected (21523 unique, 14765 observed) with R(int) = 4.1% 
and R(sigma) = 2.4% after absorption correction (Tmax = 0.466, Tmin = 0.282). 
 
The C70 was disordered over two positions, which were located by the procedure described for 
[Co6Te8(PEt3)6]2[C140][C70]2. The occupancy of the two positions refined to 56:44. The fullerene 
was left in two rigid fragments while the rest of the model was constructed. 
 
The structure contains extensive disordered solvent as a mixture of toluene and 1-
methylnaphthalene. In the asymmetric unit there is a 1-methylnapthalene on an inversion center, 
a toluene disordered over two positions, a toluene disordered over three positions, and a three-
part disorder comprising one 1-methylnaphthalene and two toluenes. These were modeled using 
FLAT, RIGU, SIMU and SAME for all molecules and SUMP for the three-part disorders as 
appropriate. One toluene with 12% occupancy was refined isotropically; all others were refined 
anisotropically with the above restraints. 
 
When the disordered solvent had been modeled adequately, the geometries of the two 
independent C70 positions were relaxed with some restraints to encourage approximate D5h 
symmetry. The two axial pentagons were constrained as regular, variable-metric pentagons with 
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AFIX 59. The 10 other pentagons were made similar with SAME. Finally, the two independent 
positions were made similar to each other with SAME for all atoms. The C70 ADPs were 
stabilized with RIGU and a short-range SIMU for overlapping atoms. 
 
All hydrogens were placed in calculated positions and refined with riding coordinates and ADPs. 
The final refinement (23874 data, 6172 restraints, 2556 parameters) converged with R1 (Fo > 
4σ(Fo)) = 3.7%, wR2 = 9.5%, S = 1.01. The largest Fourier features were 0.71 and -0.83 e- A-3. 
 
Figure 2.40. Molecular structure of [Co6Te8(PEt2Ph)6][C70]. Black, carbon; orange, phosphorus; 
blue, cobalt; teal, tellurium. Hydrogen atoms and the minor position of the disordered C70 are 
omitted. Many disordered solvent molecules are also omitted for clarity.  
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Chapter 3: Guidance for new crystallographers. 
 
 
The Shared Materials Characterization Laboratory acquired an X-ray diffractometer in March 
2014, and I was fortunate to be among the first users. We collectively had very little experience 
in X-ray crystallography, and the learning process entailed “jumping off a cliff and building 
wings on the way down,” as Ray Bradbury described the progress of technology. Colin Nuckolls 
generously afforded me the time to study the technique, and the Nuckolls and Roy groups 
provided a steady supply of crystals and data sets that became my practice problems. I believe 
my experience in learning the basics of X-ray structure determination can be of value to other 
students just beginning their introduction to the technique. 
 
From my point of view as a slightly less naive crystallographer, I can see that the most 
indispensable part of the learning process was hands-on experience with the collection of data 
and refinement of structures. A background in the theory of crystallography is useful, but this 
background is easier to grasp when the concepts arise in the course of routine and less-routine 
structure determinations. Therefore, this chapter comprises two guides that cover data collection 
and structure refinement on a practical, step-by-step level that will permit a new crystallographer 
to begin hands-on learning with a minimum of fumbling around.  
 
The section on data collection is intended for our local SMCL users. Since diffractometer control 
software is typically proprietary, a practical guide could be either detailed or general but not 
both. I have chosen to provide as much detail as possible about the operation of an Agilent dual-
source diffractometer. The section on structure refinement uses free software and I hope it will 
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be usable by anyone who needs a basic introduction. The choice of operating system does not 
affect the fundamental process, but a guide adapted for Windows computers is in preparation. 
 
With respect to this chapter, I am particularly grateful to Christopher Bejger, Anouck 
Champsaur, Bonnie Choi, Evan O’Brien, and Ari Turkiewicz, who synthesized many beautiful 
compounds that introduced me to the practice of crystallography. Tyler St. Denis provided the 
crystal discussed in Section 3.2. Joshua Palmer, Ged Parkin and Theo Siegrist provided patient 
and insightful guidance. Alex Beecher discussed practical crystallography with me for many 
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3.1 Collecting good data. 
 
“On two occasions I have been asked, ‘Pray, Mr. Babbage, if you put into the machine wrong 
figures, will the right answers come out?’” - Charles Babbage, Passages from the Life of a 
Philosopher 
 
3.1.1 Adjusting your expectations. 
The first step of determining a crystal structure is screening on the diffractometer, which is a 
kind of triage. Some crystals are obviously worthless, some diffract beautifully, and some are in 
the middle. At this point you have to decide whether to collect a full data set and, if so, how to 
set up your experiment.  
 
Half the time, the "crystal" is a hairlike bunch of needles, an aggregate of thin flakes, a 
microcrystalline powder, or occasionally a chip of glass. Sometimes the sample looks like a 
crystal but only gives a couple diffraction spots at low resolution. Usually all you can do with 
these samples is grow a better crystal, but see section 3.1.6 “Very difficult structures.” 
 
Thirty percent of the time, the crystal is outstanding and the experiment is easy to set up. The 
default settings might work, but they usually aren't the best choice. With just a little experience 
you can collect an excellent data set. 
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Figure 3.1. Diffraction frames from an excellent crystal. Reflections are round and sharp. 
Frames in these examples are collected with Cu radiation unless noted otherwise. 
 
Twenty percent of the time, the crystal is usable but small or weakly diffracting or suffers from 
twinning or severe disorder. In these cases, it's especially important to collect the best possible 
data set because you can expect from the start that the refinement is going to be difficult. Note as 
well that an apparently perfect crystal can sometimes surprise you with non-obvious twinning or 
unexpectedly low symmetry. Therefore it’s wise to collect a full sphere of data even when you 
think the determination will be simple. 
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Figure 3.2. These frames give some warning signs of a difficult determination. Reflections are 
somewhat weak and obviously split. This crystal was the best of many that were examined and it 
ultimately gave an acceptable structure.   
 
     
Figure 3.3. This looked like an excellent crystal with an orthorhombic C lattice. After collecting 
full data, the structure was solved as a monoclinic twin. The default data collection would have 
failed, but highly redundant data was collected and a publication-quality structure was obtained. 
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3.1.2 What you’re trying to achieve. 
The quality of a structure depends on a few factors of the crystal and data set. The best data sets 
meet the following criteria, which are listed in order of importance. 
 
(1) The crystal is good. Not twinned, cracked or split. If it crystallized as a solvate, the solvent 
hasn't diffused out of the lattice. Ideally the crystal is nearly spherical and roughly 50-200 µm in 
size. 
(2) Enough reflections are collected. At a minimum, every symmetry-independent reflection 
within the resolution limit should be measured at least once. This is the completeness in the Laue 
group. 
(3) The frames were exposed for long enough. For a typical experiment, the average unmerged 
I/sigma(I) should be about 8. If it's higher, you're wasting instrument time. If it's lower, the 
quality of your structure will start to go downhill. 
(4) The data set is highly redundant. The data reduction process uses redundant data to improve 
the accuracy of frame scaling and absorption correction. A high quality data set should have a 
minimum of sixfold redundancy for the Laue group. It's even better to collect the full sphere with 
threefold redundancy. This requires about 4500 frames for copper radiation or 2400 frames for 
molybdenum radiation. 
(5) Absorption correction and frame scaling were performed accurately. This is mostly 
automated, but you can make it easier in several ways. Choose a crystal that's not too irregular if 
possible. Choose a small crystal or carefully cut a large one down to size; 100 µm in diameter is 
more than enough. Mount the crystal neatly, without a big blob of mounting oil, so you can 
center it accurately and apply a good face-indexed absorption correction. When a crystal contains 
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many heavy atoms, use Mo radiation or try especially hard to avoid long needles, thin plates and 
oversized crystals, which will have large absorption correction factors that may vary 
significantly as the crystal is rotated.  
 
3.1.3 Setting up an experiment. 
The following sections describe the steps of a typical data collection.  
 
3.1.3.1 Selecting a crystal. 
The most important rule is to handle your crystals as little as possible! Co-crystallized solvent is 
very common, and drying or rinsing the crystals can cause the solvent to diffuse out of the 
lattice, usually destroying the crystal. When you see that crystals have grown, put a cap on the 
vial and leave it undisturbed until the diffractometer is available. 
 
Transparent crystals rotate plane-polarized light, so the polarizing microscope is a useful tool for 
crystal screening. After transferring some crystals to the mounting oil, rotate the polarizer until 
the background is dark. Good single crystals will glow uniformly under crossed polarizers. 
Rotate the crystal gently around the viewing axis. Every 90 degrees, (when the optical axis of the 
crystal is aligned with one of the polarizers,) the glow should extinguish sharply and uniformly.  
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Figure 3.4. This crystal glows uniformly under crossed polarizers and extinguishes sharply when 
rotated through 90°. 
 
     
Figure 3.5. This crystal displays rainbow fringes under parallel and crossed polarizers and failed 
to diffract. 
 
Unfortunately, many interesting materials have high optical absorbances, so the SMCL sees a 
disproportionate number of crystals that don’t transmit light. Experience shows that there are 
several ways to choose a good crystal of black material. The best-case scenario is to inspect your 
vial for a small single crystal with well-developed facets and carefully select that crystal with a 
knife. If no  such crystal appears, use a sharp knife to cut off the tip of a needle-shaped crystal 
or the corner of a plate. Flat faces and natural edges and corners can indicate a single-crystalline 
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domain. If all else fails, try crushing a few crystals in the oil and selecting a small piece that 
seems to fracture cleanly.  
 
Remember to choose a regularly shaped crystal if possible. Some users choose very large 
crystals to get stronger diffraction, but a 100 µm crystal has plenty of diffracting power and will 
save you lots of trouble in the data reduction process. 
 
One additional note on co-crystallized solvent. One or two crystals out of a hundred grow as 
such fragile solvates that they can’t be handled in oil. The typical symptom is a nice-looking 
crystal that only diffracts to low resolution (Figure 3.6). These difficult solvates can often be 
mounted successfully by continuously cooling the microscope slide and the mounted crystal. If 
you suspect this problem, see me for help.  
 
(a)  (b)  
Figure 3.6. Desolvated crystals. (a) Good single-crystalline diffraction that only extends to low 
resolution. (Mo radiation was used.) (b) Crystals disintegrating in the mounting oil. The crystals 
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in both of these examples were successfully protected from desolvation by continuously cooling 
the microscope stage and the mounted crystal.  
 
3.1.3.2. Initial screening. 
Mount the crystal on the diffractometer, center it carefully and start the screening. Some users 
will choose long exposure times for their screening frames in order to detect very weak 
diffraction, but a crystal that diffracts weakly at low angles is very unlikely to give any usable 
data. I recommend initial screening of all crystals with Cu radiation for 5-10 second frames. 
 
After collecting several screening frames, you can make one of three choices: look for a new 
crystal, continue setting up the experiment, or try Mo radiation. A crystal is easy to reject if it 
appears significantly polycrystalline, if the intensities drop off rapidly in the range of 2-3 Å 
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(a)  (b)  
(c)  (d)  
Figure 3.7. Crystals to reject immediately. The frames show (a) very little intensity past 2 Å 
resolution; (b), (c), and (d) bad reflection shapes and polycrystalline diffraction. In the last two 
frames, the user tried to compensate for weak diffraction by collecting very long frames. 
 
If you are in doubt about the quality of a crystal, the best thing to do is collect more frames. The 
CrysAlis preexperiment collects 5 frames at each of 6 goniometer positions, three low-angle and 
three high-angle. The high-angle frames are exposed for 5x the time of the low-angle frames. 
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(For Mo radiation, a single detector position can cover the entire required 2θ range, so only 15 
total frames are collected.) You should choose the frame time that you expect to use for a full 
experiment, which in practice should be less than 10 seconds for the low-angle frames for Cu 
radiation. The software will often recommend very long frame times, but you should override it.  
 
There is often a difficult choice of keeping the current crystal or continuing to look for a better 
one. You might be tempted to set aside the mounted crystal while you screen a few more, but in 
practice most crystals don’t survive the cycle of warming, standing under air, and cooling again. 
Consider the following questions when you make your choice: Do you expect that the current 
cystal will give a usable structure? How many crystals have you screened, and do you have a 
good feeling for the overall quality of the sample? Do you expect to find a better crystal? If you 
fail to find a crystal on the microscope slide, can you go back to the vial and prepare a new slide?  
 
During the screening and preexperiment stage, you might want to consider switching to Mo 
radiation. Mo radiation has a shorter wavelength, so it is less strongly absorbed by your crystal 
and is diffracted to smaller angles. This has two major advantages: absorption corrections are 
smaller in magnitude and therefore easier; and more reflections are collected on each frame, 
which makes frame scaling more accurate. When many heavy atoms (3d metals and heavier) are 
present, absorption of Cu radiation will be significant (Figure 3.8) and you should consider using 
Mo. However, there are several disadvantages. Laboratory Mo sources are less bright than Cu 
sources, so frame times are typically 5-10x longer to achieve an equal signal/noise ratio. Since 
all reflections are closer together on the detector, there is more risk of overlapping reflections. 
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This is more important for crystals with a long cell axis (30 Å or longer) and for non-merohedral 
twins (Figure 3.9).  
 
Figure 3.8. Molar absorptivity coefficients of the first 54 elements for copper (red squares) and 
molybdenum (blue triangles) radiation. Good absorption correction is critical when several atoms 
in the structure have an absorptivity around 10,000 cm2 mol-1 or higher. 
 
(a)  (b)  
Figure 3.9. Crystals that require Cu radiation for separation of peaks. (a) A large unit cell (17 x 
35 x 35 Å) gives many reflections in each frame. (b) Many split reflections indicate a non-
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If you try switching to Mo radiation, you can use an exposure time as long as 60 seconds. If it 
takes longer than 60 seconds to get reasonable intensity near the resolution limit, then Cu 
radiation is likely to work better. See Figure 3.10 for examples of frames and Section 3.2.3.4 for 
further discussion of exposure times. 
(a)   
(b)   
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(c)   
Figure 3.10. Pairs of frames from three different crystals with (left) Cu radiation, 3 second 
exposure; (right) Mo radiation, varying exposures. (a) Mo frame exposed for 10 seconds. The 
diffraction near the resolution limit is very strong. Mo radiation with 5 second frames would be 
appropriate. (b) Mo frame exposed for 60 seconds. There is significant intensity at high 
resolution; Mo radiation with 60 second frames would be appropriate if the crystal is irregularly 
shaped or highly absorbing, otherwise Cu. (c) Mo frame exposed for 60 seconds. The high-angle 
reflections are undetectable; Cu radiation is required. 
 
3.1.3.3. Choosing exposure time; starting the experiment. 
If you haven’t done it already, collect preexperiment frames with your choice of radiation. As 
described above, try for a frame time that would be usable for a full experiment. 3 seconds is 
ideal for Cu radiation and 20 seconds is ideal for Mo, but you can use up to 10 and 60 seconds 
respectively if needed. Note that a Cu experiment requires two detector angles and the wider-
angle frame times are automatically set to 5x the smaller-angle frames--so a “3 second 
preexperiment” is really 15 3-second frames and 15 15-second frames.  
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When the preexperiment is finished, an experiment strategy window appears. CrysAlis tries to 
guess the cell parameters and an appropriate frame time, but it often gets them wrong. Figure 
3.11 shows a typical strategy window: 
 
 
Figure 3.11. A bad strategy. 
 
There are a few obvious problems here. Exposures of 356 seconds for the high-angle frames are 
clearly wrong and the resulting 2-day data collection is way too long. An orthorhombic C lattice 
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is possible, but somewhat uncommon, and the low % indexing (73%) should make you skeptical 
of the proposed cell parameters. Since the strategy is designed to collect a complete data set for 
the proposed Laue group, (see Section 3.1.4 for further discussion of the complete unique data 
set), we should be concerned that misassigning the Laue group at this point will result in 
collecting incomplete data.  
 
Start adjusting the experiment strategy by selecting a more reasonable exposure time. Close the 
strategy window to view your preexperiment frames. Several frames are shown in Figure 3.12. 
We tried to choose a good exposure time (6 s/30 s) for the preexperiment, and these frames look 
about as expected. The wide-angle frames show significant intensity all the way to the resolution 
limit. Stronger diffraction at high resolution might be preferable, but 30 s high-angle frames are 
already rather long, and since signal/noise scales with the square root of exposure time, there is 
not much more to gain without taking extremely long frames. We’ll tentatively decide to keep 
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Figure 3.12. Four diffraction frames corresponding to the strategy in Figure 3.13. Low-angle 
frames exposed for 6 s; high-angle frames exposed for 30 s.  
 
Bring back the strategy window by selecting “Start/Stop,” “Load preexperiment/recalculate 
strategy,” and finding your preexperiment file. We’ll continue making changes by ignoring the 
proposed lattice. This is almost always a good idea, but especially when the lattice assignment is 
uncertain. Change the “Laue group” selection to “other” and choose “hemisphere.” Under 
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Strategy Mode, choose “Complete redundant data.” Set the redundancy to 6. Calculate a new 
strategy. The results are shown in Figure 3.13.  
 
 
Figure 3.13. Recalculated strategy for a sixfold redundant hemisphere data collection. 
 
There are a few things to notice here. First, the predicted “individual I/sigma” statistics are fairly 
low; recall that we consider an individual I/sigma(I) of 8 for the full data set to be ideal. This 
would suggest that a longer exposure time would be appropriate. However, we’ve seen from the 
preexperiment that the 30 s high-angle exposures give acceptable-looking frames, so we’ll ignore 
	   182	  
the predicted I/sigma. (See the end of this section for an explanation of the inaccurate I/sigma 
prediction.) Second, the proposed experiment time is still a little long at 31 hours. We’ll keep our 
chosen exposure time and collect a little less redundant data, while ensuring that we still get at 
least 1 full hemisphere.  
 
We keep the hemisphere strategy type, reduce the redundancy constraint to 3, and calculate a 
new strategy (Figure 3.14). The final experiment is 17 hours. Use “Start named experiment” to 
assign a folder and file name. The most helpful file name is a clear abbreviated description of the 
structure, but some people use notebook page numbers instead. When the data collection is 
complete, continue with section 3.1.7, “Basic data reduction.” 
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Figure 3.14. Final strategy. 
 
In this example, the explanation for the unusual predicted I/sigma was the following: The real 
cell was monoclinic C with a ≈ c, which gives the double-sized orthorhombic C pseudocell that 
was detected in the preexperiment. The crystal was twinned by one of the twofold axes of the 
pseudocell, which exchanged the a* and c* reciprocal axes and gave some intensity for the 
“systematically absent” h + k = 2n +1 reflections. These systematically weak reflections were 
included in the I/sigma prediction and made it artificially low. 
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3.1.4. Completeness of the data set.  
A complete data set is mandatory for a high-quality determination. As mentioned in Section 
3.1.2, this means you must measure every symmetry-independent reflection in the diffraction 
pattern within the resolution limit. This is complicated because the symmetry of the crystal is not 
obvious until you collect the full data set. You can avoid inadvertently collecting incomplete data 
by designing your experiment carefully. 
 
Completeness is measured in a particular Laue group, out to a particular resolution. The choice 
of resolution is simple; CrysAlis defaults to 0.800 Å resolution and you will almost never need to 
change this. The assumed Laue group for data collection is not simple. 
 
The Laue group describes the symmetry of the diffraction pattern. X-ray diffraction is always 
approximately centrosymmetric: F(hkl) ≈ F(-h -k -l). Therefore we only need one hemisphere of 
data, at the most, if we don’t care about absolute structure. However, crystals have internal 
symmetry that creates additional equivalences among different reflections. For example, a 
monoclinic crystal has Laue group 2/m, a twofold rotation around the k reciprocal axis with a 
perpendicular mirror plane. Therefore in a monoclinic data set F(hkl) = F(-h k -l) = F(h -k l) = F(-
h -k -l). For this monoclinic crystal you can save time by collecting only one-fourth of a sphere—
if you know the Laue group and orientation of the crystal in advance. 
 
Unfortunately, the Laue group is best determined by statistical analysis of the full data set: 
symmetry-equivalent reflections for a proposed Laue group are compared to give a merging 
statistic, Rint, that measures the agreement between equivalents. When you set up your data 
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collection, you only know the cell parameters--the axes a, b, c and the angles α, β and γ. A 
particular Laue group will constrain the lengths and angles as follows: 
 
Crystal	  system	   	   Cell	  constraints	   	   Laue	  group(s)	  
	   	   	   	   	  
Triclinic	   	   None	   	   -­‐1	  
Monoclinic	   	   α,	  γ	  =	  90°	   	   2/m	  
Orthorhombic	   	   α,	  β,	  γ	  =	  90°	   	   mmm	  
Tetragonal	   	   α,	  β,	  γ	  =	  90°;	  a	  =	  b	   	   4/m	  
	   	   	   	   4/mmm	  
Trigonal	   	   α,	  β	  =	  90°;	  γ	  =	  120°;	  a	  =	  b	   	   -­‐3	  
	   	   	   	   -­‐3m	  
Hexagonal	   	   α,	  β	  =	  90°;	  γ	  =	  120°;	  a	  =	  b	   	   6/m	  
	   	   	   	   6/mmm	  
Cubic	   	   α,	  β,	  γ	  =	  90°;	  a	  =	  b	  =	  c	   	   m-­‐3	  
	   	   	   	   m-­‐3m	  Table 3.1. Metric constraints of the 11 Laue groups. 
 
Our job is harder because one cell metric can correspond to several possible Laue groups; for 
example the trigonal and hexagonal crystal systems contain a total of four Laue groups that all 
share the same cell parameters. Even worse, the cell parameters can trick you; nothing forbids a 
monoclinic crystal with β = 90.1° or even 90.005°, which will appear orthorhombic until you 
measure some intensities. If you collect a minimal orthorhombic data set and then throw out your 
crystal, you’ll discover in the refinement process that you’re missing half the reflections that you 
need. 
 
Since we need the Laue group and we only know the cell metric, how can we be sure of 
collecting a minimally complete data set? The answer is that we can’t do it and shouldn’t try. 
The diffractometer software will assume the symmetry of the cell metric, so in most cases you 
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should take control and design an experiment that will succeed even if the symmetry is 
unexpectedly low. The most certain way to achieve this is by using a hemisphere-based strategy 
and increasing the redundancy as much as possible.  
 
3.1.5 Very easy structures.  
Sometimes it’s okay to bend these rules to save diffractometer time. The highly redundant 
hemisphere-based strategy described in Sections 3.2.3 and 3.2.4 will almost always require an 
overnight data collection; occasionally you might want to determine several very simple 
structures all in one day. CrysAlis sets its default strategy with this type of determination in 
mind. You can ignore all the preceding advice if all of the following are true: 
 
(1) The crystals are good quality, with a strong and clean diffraction pattern. 
(2) The crystals are easily available; you won’t have any trouble finding a new crystal if the 
“quick and easy” determination fails. 
(3) The crystal is appropriately sized, regularly shaped, and not highly absorbing.  
(4) You know what structure to expect; it is not a very novel structure; you will be able to 
carefully reality-check the structure when you’ve finished it. Novel inorganic clusters and 
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These criteria are most often fulfilled by simple organic small molecules. In practice, it’s 
uncommon to be so confident a priori that it makes sense to try to save time on your data 
collection. However, if you insist on saving electricity, use the following procedure: 
 
(1) Use Cu radiation for better signal/noise.  
(2) Run a preexperiment with an appropriate exposure time. If your crystal is as good as 
described above, this should be 1 s/5 s or at most 2 s/10 s.  
(3) Use the “Laue group” strategy type with the automatically detected Laue group; choose 
“Complete data (default mode)”; set the frame times to achieve an individual I/sigma around 12-
15 to compensate for the lower-than-normal redundancy. You want to see rather strong 
diffraction even in the high-resolution frames.  
(4) Solve and refine the structure in the middle of the data collection or immediately when it 
finishes. Confirm that the Laue group detected in the preexperiment was the correct one. If the 
structure fails to solve in a space group from the expected crystal system, you will have to fix 
your strategy and collect a new data set.  
(5) Ensure that the quality of the fully refined structure is good. R(int), R(sigma) and R1 should 
be all around 2% to 5% and R1 should not be the highest of the three. The sizes of the largest 
Fourier features should be less than 0.5 e- Å-3. If you encounter signs of twinning, ambiguous 
symmetry, or complex disorder, you should go back and collect a better data set to give yourself 
the best chance of handling the problems correctly.  
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Figure 3.15. Default strategy for a very easy structure. 
 
3.1.6 Very difficult structures. 
Sometimes it’s just not possible to find a good crystal. Some users confronted with a bad crystal 
will collect a small data set without spending a lot of time designing the experiment, in the hope 
of “just getting a rough structure.” However, the chances of successfully solving the structure 
will be much improved if the data set is complete and the other experimental parameters are 
carefully considered. 
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With very weak diffraction, CrysAlis will often fail to assign the correct unit cell, which means 
its suggested exposure times will be meaningless. Fortunately, with an area detector (standard on 
all modern diffractometers), you can set up a full experiment without knowing the unit cell or 
anything else about the crystal. In these cases you only have to choose an appropriate exposure 
time and collect as much data as possible. 
 
The three common problems of “bad but not hopeless” crystals are (1) badly shaped reflections 
with severe streaking or split peaks; (2) very weak diffraction; (3) reasonable diffraction that 
only extends to ~1 Å to 1.2 Å. Figure 3.16 shows diffraction frames from three crystals that 
displayed these problems. The structures were solved with varying degrees of success, but all 
three data sets gave some usable information.   
 
(a)   
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(b)   
(c)   
Figure 3.16. Bad crystals that gave some usable information. (a) A non-merohedrally twinned 
Co6Se8 cluster, 8 s/40 s exposures. (b) An extremely small crystal (.04 x .03 x .02 mm) of a 
metal-organic compound, 6 s/30 s exposures. (c) An organic molecule with severe disorder that 
caused diffuse scattering and loss of intensity at high resolution, 8 s/40 s exposures. 
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All of these problems are addressed in mostly similar ways. For a very bad crystal, use the 
following procedure: 
 
(1) Make sure you’ve selected the best possible crystal. If desolvation is possible, try cooling the 
microscope stage. If the crystal is very air-sensitive, place it in oil inside the glovebox and bring 
it to the microscope in a sealed jar.  
(2) Use copper radiation for the strongest possible diffraction and for better separation of 
overlapping reflections. 
(3) Ignore the CrysAlis proposed lattice and exposure times; it’s very unreliable when the 
diffraction is bad. 
(4) If the diffraction is weak or drops off at high resolution, run a preexperiment with 15 s/60 s 
exposures, which is the absolute longest possible exposure for a full-resolution experiment. 
Assess the frames to see how far the usable diffraction extends. For example, the diffraction in 
Figure 3.16b is weak or undetectable beyond 1.0 Å. Set the resolution limit for the experiment to 
slightly better than the highest-resolution spots you observe. 
(5) If the diffraction in the 15 s/60 s preexperiment is stronger than necessary, run a new 
preexperiment with a more realistic exposure time. For example, the exposure times in Figure 
3.16a could easily be cut in half. Individual exposures should be at least long enough that many 
reflections are observable at every resolution within your intended data set. 
(6) Use the resolution limit and exposure time from steps (4) and (5) to set up an experiment with 
a hemisphere-based strategy. Collect as much redundant data as possible. For a very weakly 
diffracting crystal, you can change the resolution limit from 0.800 Å to 0.83 Å, which saves 
some time without too much adverse effect.  
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Final strategies for the three crystals in Figure 3.16 are shown below.  
 
Figure 3.17. Final strategy for the crystal in Figure 3.1.16a. The exposure time is reduced and 
the data set will be a 5x redundant hemisphere. 
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Figure 3.18. Strategy for the crystal in Figure 3.1.16b. The exposure time is increased, the 
resolution is lowered slightly to 0.83 Å to save time, and the data set will be a complete 
hemisphere with low redundancy. 
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Figure 3.19. Strategy for the crystal in Figure 3.1.16c. The resolution is set to slightly better than 
the highest-resolution diffraction in the preexperiment. The exposure times are approximately the 
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3.1.7. Basic data reduction. 
CrysAlis uses excellent default parameters for data reduction, so this process often requires very 
little input. There are three basic steps: 
• Lattice assignment: Quickly locate all peaks in the diffraction pattern; find a reciprocal 
lattice that fits as many of those peaks as possible. Output an orientation matrix that 
relates hkl coordinates to detector and diffractometer coordinates. 
• Integration: Using the orientation matrix we just generated, find each reciprocal lattice 
point hkl and determine its background-corrected intensity. Output raw intensities in 
proprietary *.rrpprof format. 
• Finalization: (1) Convert the raw intensities to structure factors by applying frame scaling 
and absorption correction. Output an hkl file containing reciprocal coordinates and 
corrected intensities. (2) Evaluate the hkl file to determine the Laue group and systematic 
absences. Propose a space group. Output an ins file containing the lattice parameters, 
space group, and elements in the sample. The ins and hkl files will be used for the 
structure solution and refinement. 
 
The lattice assignment and integration steps will not be covered in great detail, because when the 
automatic process is not successful, you will have to carefully consider the details of the specific 
problem. The most common problem is a twinned crystal, which is often detected by viewing the 
reciprocal lattice in the Ewald Explorer tool of the Lattice Wizard. The reciprocal lattice of a 
twin may have a viewing angle that reveals two superimposed lattices. Figure 3.20 shows two 
examples of this phenomenon. 
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In short, lattice assignment is performed by selecting the Lattice Wizard and running Peak 
Hunting and then Unit Cell Finding. This generates a unit cell (6 parameters: 3 cell angles and 3 
axis lengths) and an orientation matrix (“UB matrix”) that relates the hkl reciprocal coordinates 
to the goniometer setting and detector coordinates. CrysAlis will remember these settings when 
you close the Lattice Wizard. 
 
    
Figure 3.20. Reciprocal lattices of twinned crystals viewed in Ewald Explorer. The second 
image has the very common feature of some reciprocal layers sharp and some split.  
 
Next, click the Start/Stop button and choose “Data reduction with options.” There are several 
options you may want to edit. In step 3, “Basic algorithm parameters,” you should select “clear 
data from previous run.” In step 4, “Background evaluation,” the choice of “average 
background” or “smart background” can be important. Average background usually works better 
if the diffraction frames appear to have low background, but for Cu data sets on samples 
containing cobalt or iron you should always use smart background evaluation due to X-ray 
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fluorescence from the sample. On the final screen of the data reduction wizard, choose a file 
name for the data reduction output; I simply number my attempts sequentially. Finally, change 
“space group determination” to “manual.” Click “Finish” and let the data reduction proceed.  
 
After the raw frames are processed, the GRAL module will start, which guides you through the 
space group assignment process. Once again, the defaults will work fine for simple cases, and 
every complicated case is different. However, it will be valuable to click through the steps of 
space group assignment and see how Niggli reduction, R(int) statistics and systematic absences 
are employed to assign the space group.  
 
At this point, provided that the space group is assigned correctly, the only thing remaining to do 
in CrysAlis is apply a face-indexed absorption correction, which uses video images of the crystal 
to build a physical model. To apply this correction, you need to know the chemical formula of 
the crystal, so you should perform a quick solution to get this information. If you use Olex2, 
obtain a rough structure and then click “OK” and write down the molecular formula and Z (the 
number of molecules in the asymmetric unit). The formula doesn’t have to be perfect, but you 
should be sure to get the heavy atoms correct. 
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Figure 3.21. Obtaining a chemical formula in Olex2 (red numbers). 
 
In CrysAlis, open the Finalization module and choose the absorption display. Click “Edit 
formula” and enter the formula and Z you just obtained from your quick solution. Check the 
calculated density to be sure you’ve entered Z correctly; organic crystals are typically near 1 to 
1.2 g/cm3 while metal-organic compounds can be around 1.5 to 2.5 g/cm3 if they contain 
numerous heavy atoms. Build a model of the crystal using the video window. Close the 
absorption display and select “Refinalize” to generate a new hkl file that includes the absorption 
information you just provided. Set the space group determination to Interactive, create a new file 
name, and start the refinalization. When the refinalization is complete, you can move the files 
name.ins (solution instructions), name.hkl (corrected intensities), name.cif_od (information 
about the data collection), and name_red.sum (information about the data reduction) to your 
personal computer to continue with structure solution. 
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3.2 Solution and refinement. 
Integrated refinement and viewing packages such as Olex2 are useful, but they have a tendency 
to turn the refinement process into a black box. If you want to work on difficult structures, 
especially if you’ll be asking other people for advice, you need to be comfortable working 
directly with ShelXL in a text window. This section comprises a practice problem with detailed 
instructions. We’ll solve the structure in ShelXS and refine it in ShelXL using a text editor and 
the command terminal, using Olex2 only as a viewer and to prepare the final cif file. 
 
ShelXL and Terminal instructions are rendered in bold fixed-width type when you’re intended 
to enter a line directly into your ins file or command line. Long excerpts of ShelXL code or 
terminal dialog are rendered in fixed-width type, with your input highlighted in blue. Bold 
type is used for general emphasis. 
 
The compound discussed in this section was prepared by reductive amination from enantiopure 
mono(Boc) trans-1,2-diaminocyclohexane. The product is a single diastereomer but the 
configuration of C(16) is unknown. The crystal was excellent, the monoclinic unit cell indexed 
>90% of the reflections collected, and since there was no sign of trouble, the data reduction was 
performed with default settings. The procedure in Section 3.1.7 was used to generate the files 
intro.ins (instructions for the solution program), intro.hkl (a list of diffracted intensities for each 
reciprocal lattice point in the data set), intro.cif_od (information for the final cif file for 
publication) and intro_red.sum (useful information about the data set). These files are publicly 
available from Dropbox at http://preview.tinyurl.com/n44cyhh, along with an electronic 
version of this document. 
	   200	  
 
Figure 3.22. Structure with unknown stereochemistry at C16. 
 
3.2.1 Setting up a Mac for structure refinement. 
 
First, visit the SHELX homepage and register at http://shelx.uni-
ac.gwdg.de/SHELX/register.php. If the page asks you for the name of a space group, look it up 
at http://www.cryst.ehu.es/cgi-bin/cryst/programs/nph-wp-list.  
 
While you’re waiting for your confirmation email, visit http://www.olexsys.org/Software to 
register and install Olex2. 
 
When you get your SHELX password, log in to the downloads page. Download ShelXS, 
ShelXD, ShelXT, (three different solutions programs) and ShelXL (a refinement program).  
 
You need to unzip the SHELX files, make them executable, and add them to the system path (a 
folder that can be called from any command line). Use the following steps: 
 
• Start the Terminal, which you can find in Applications/Utilities. 
• The Terminal is a Bash command line, which is an interface for Unix. The commands for 
basic navigation are ls to list the contents of the current directory, pwd to print the 
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to move up a directory. A list of basic Bash commands can be found here: 
http://www.tldp.org/LDP/abs/html/basic.html 
• Make a few changes to your Bash environment. Try to find your Bash profile by typing: 
 
dyn-160-39-8-195:~ dwpaley$ open -e ~/.bash_profile 
The file /Users/dwpaley/.bash_profile does not exist. 
 
• If the file doesn’t exist, as shown above, create it and start editing it: 
 
dyn-160-39-8-195:~ dwpaley$ echo > ~/.bash_profile 
dyn-160-39-8-195:~ dwpaley$ open -e ~/.bash_profile 
 










alias e="open -e" 
 
• Activate the changes you just made: 
 
dyn-160-39-8-195:~ dwpaley$ source ~/.bash_profile 
 
• Make a home for your SHELX files, and while you’re making directories, another one for 
your X-ray data: 
/Users/dwpaley 
==> mkdir ~/applications/shelx 
==> mkdir ~/documents/xray 
 
• Unzip the files, put them where they belong, and make them executable: 
 
==> cd ~/downloads 
 
==> ls shelx* 
shelxt.bz2  shelxd.bz2 shelxl.bz2 shelxs.bz2 
 
==> bunzip2 shelx*.bz2 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 The multi-line prompt is borrowed from Alvin Alexander’s useful blog, which is available at 
http://alvinalexander.com/blog/post/mac-os-x/sample-mac-osx-bashrc-terminal-startup-file.  
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==> mv shelx* ~/applications/shelx 
 
==> cd ~/applications/shelx 
 
==> chmod ugo+x shelx* 
 
• Confirm that everything worked correctly: 
 
==> which shelxl 
/users/dwpaley/applications/shelx/shelxl 
 
Finally, start Olex2. In the right panel, click Work and then the arrow beside Solve. There should 
be a dropdown menu with ShelXS, ShelXD and ShelXT listed. This will confirm that Olex2 and 
the SHELX programs are all configured.  
 
3.2.2. Shelx format; structure solution. 
To begin working on this structure, make a directory to work in. You should have already 
downloaded the data in zip format and created an xray directory in your documents folder. Use 
the following input to prepare your working directory: 
/Users/dwpaley 
==> cd ~/documents/xray 
 
==> mkdir intro 
 
==> cp ~/downloads/intro.zip intro 
 
==> cd intro 
 
==> unzip intro.zip 
Archive:  intro.zip 
warning:  stripped absolute path spec from / 
mapname:  conversion of  failed 
  inflating: intro.hkl                
  inflating: intro.hkltmp             
  inflating: intro.p4p                
  inflating: intro.cif_od             
  inflating: intro_red.sum            
  inflating: intro.errmod             
  inflating: intro.grl                
  inflating: intro.cif                
  inflating: intro.ins       
 
==> ls 
intro.cif intro.errmod intro.hkl intro.ins intro.zip 
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intro.cif_od intro.grl intro.hkltmp intro.p4p intro_red.sum 
          
Open the ins file, which is the input format for all SHELX programs. The command e was 
configured above in your .bash_profile file and simply abbreviates open -e, which calls Text 
Editor.   
/Users/dwpaley/documents/xray/intro 
==> e intro.ins 
 
The ins file reads: 
 
TITL intro in P21 #4  
CELL 1.54184 9.384189 9.165242 12.375524 90 98.6298 90  
ZERR 1 0.000132 0.000149 0.000211 0 0.0015 0  
LATT -1  
SYMM -X,0.5+Y,-Z  
SFAC C H N O  
UNIT 42.00 68.00 4.00 6.00 
TREF 
HKLF 4                                                                           
 
ShelX* input and output files have a simple format. Each line starts with an instruction or atom 
name containing up to 4 characters. The rest of the line contains parameters for that instruction 
or atom. You can read a convenient list of ShelXL instructions at http://shelx.uni-
ac.gwdg.de/SHELX/shelxl_html.php. This first ins file has the following lines: 
 
• TITL: It can say anything, but Crysalis will use your finalization filename and the 
presumed space group. 
• CELL: The X-ray wavelength; the axes a, b, and c in Å; the cell angles α, β, and γ. 
• ZERR: Z, the number of formula units per cell; then standard errors for the six cell 
parameters. Z doesn't have to be correct at this stage. 
• LATT: A code for the lattice type. -1 indicates a primitive, non-centrosymmetric lattice. 
• SYMM: Each SYMM line contains a symmetry operator of the space group.  
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• SFAC: The atom types in the structure. (SFAC is short for scattering factors).  
• UNIT: The number of atoms per unit cell for each atom in the SFAC line. This doesn't 
have to be correct until you write your final cif file. 
• TREF: This is specifically for ShelXS. It means the structure will be solved by direct 
methods.2 
• HKLF: The format of the hkl file. 
 
This file is already set up for ShelXS, so you can return to the terminal and attempt the solution. 
The syntax is just shelxs [filename]: 
 
/Users/dwpaley/documents/xray/intro 




 +  SHELXS      CRYSTAL STRUCTURE SOLUTION     Version 2013/1  + 
 +  Copyright(C) George M. Sheldrick 1986-2013                 + 
 +  intro                  started at 17:21:17 on  8 Oct 2014  + 
 +++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
 
 Read instructions and process reflection data 
 Data:    2174 unique,   2125 observed     R(int) = 0.0281  R(sigma) = 0.0287 
 Systematic absence violations:    0    Bad equivalents:    7 
 
 ESEL  Emin  1.200    Emax  5.000    DelU 0.005    renorm 0.700    axis 0 
 OMIT  s  4.00    2theta(lim)  180.0 
 INIT  nn   13    nf   16    s+  0.800    s-  0.200    wr  0.200 
 PHAN  steps   10   cool 0.900   Boltz 0.300   ns  214   mtpr   40   mnqr  10 
 TREF  np      256.    nE   308    kapscal  0.800    ntan   3    wn -0.750 
 FMAP  code  8 
 PLAN  npeaks   -41    del1 0.500    del2 1.500 
 MORE  verbosity  1 
 TIME  t    9999999. 
 
     215 Reflections and   2668. unique TPR for phase annealing 
     308 Phases refined using    6485. unique TPR 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
2 Solution and refinement are two distinct steps. “Solving” is short for “solving the phase problem” and it generates 
a map of electron density in the unit cell. Refinement is the process of fitting atoms to the electron density map until 
you arrive at a structure that successfully accounts for the observed diffraction pattern. You only solve once, but you 
can refine forever. 
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     314 Reflections and    6748. unique TPR for R(alpha) 
    6722 Unique negative quartets found,  2872 used for phase refinement 
     531 Unique NQR employed in phase annealing 
     128 Parallel refinements,  highest memory =   11116 /   94024 
 
   Try    Ralpha Nqual Sigma-1 M(abs) CFOM   Seminvariants 
 1509021. 0.089 -0.941  0.966  0.811  0.089* -+++- ---++ -- 
 Freq: 0 0 0 0 111 1 0 0 1 1 0 0 1 2 0 1 0 1 0 1 0 0 0 0 0 0 0 0 0 2 / 128 
 1605897. 0.088 -0.941  0.966  0.810  0.088* -+++- ---++ -- 
 Freq: 0 0 0 0 220 1 3 1 1 2 0 0 3 2 0 2 0 1 0 2 0 0 1 0 1 0 1 0 1 2 / 256 
 
      256. Phase sets refined - best is code  1605897.  with CFOM =  0.0884 
 
 Fourier and peaksearch 
 RE = 0.147 for  26 atoms and   612 E-values 
 Fourier and peaksearch 
 RE = 0.141 for  26 atoms and   612 E-values 
 Fourier and peaksearch 
 
 +++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
 +  intro             finished at 17:21:17   Total CPU time:       0.0 secs  + 
 +++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
 
For a quick evaluation of the ShelXS output, just look for the R(alpha) and R(E) statistics. 
Values below 0.1 and 0.4 (respectively) are good signs of a successful solution. If the structure 
didn't solve, you would have to do some troubleshooting, but this is a simple structure and direct 
methods work especially well on non-centrosymmetric structures. 
 
It's easier to judge the quality of the solution by viewing the output graphically. Start Olex2 and 
open the file intro.res.  No atoms are assigned yet, but the gold-colored Q peaks3 show a 
recognizable molecule: 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
3 Q peaks are peaks in the difference map, i.e. electron density not accounted for by the current model. 
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Figure 3.23. Output from ShelXS viewed in Olex2. 
 
3.2.3. Start of refinement: locating non-H atoms, running ShelXL. 
Since we have a promising solution, the next step is to start assigning atoms in the structure. 
We'll backup our last ins file and start writing a new one. The Bash instruction cp  
(copy) is used to duplicate a file. Then we open the ShelXS output (a res file) in TextEdit: 
 
/Users/dwpaley/documents/xray/intro 
==> cp intro.ins shelxs-input.txt 
 
==> e intro.res 
 
The res file is in the same format as the original ins file, but it has a few additional instructions 
and coordinates for all the Q peaks: 
 
TITL intro in P21 #4  
CELL 1.54184 9.384189 9.165242 12.375524 90 98.6298 90  
ZERR 1 0.000132 0.000149 0.000211 0 0.0015 0  
LATT -1  
SYMM -X,0.5+Y,-Z  
SFAC C H N O  
UNIT 42.00 68.00 4.00 6.00 
  
L.S. 4  
BOND  
FMAP 2  
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PLAN 20  
  
MOLE   1  
Q1    1  0.3195  0.4084  0.1125 11.000000  0.05  278.70  
Q2    1 -0.0698  0.0996 -0.2606 11.000000  0.05  266.85  
Q3    1  0.0550  0.2829 -0.1729 11.000000  0.05  257.17  
Q4    1 -0.0754  0.1338 -0.0863 11.000000  0.05  236.41  
Q5    1  0.1989  0.1597  0.0626 11.000000  0.05  229.98  
Q6    1  0.4748  0.1325  0.3061 11.000000  0.05  227.05  
Q7    1  0.4018  0.1928  0.2135 11.000000  0.05  221.17  
Q8    1  0.0616  0.1996  0.2148 11.000000  0.05  214.25  
Q9    1  0.3892  0.3456  0.1988 11.000000  0.05  212.61  
Q10   1 -0.0644  0.2037  0.0190 11.000000  0.05  211.91  
Q11   1  0.5488  0.2221  0.3858 11.000000  0.05  208.63  
Q12   1  0.0558  0.1378  0.1056 11.000000  0.05  204.54  
Q13   1  0.4641  0.4308  0.2829 11.000000  0.05  204.05  
Q14   1  0.3243  0.0956  0.1199 11.000000  0.05  196.63  
Q15   1 -0.2132  0.1991  0.0627 11.000000  0.05  192.33  
Q16   1  0.5414  0.3771  0.3705 11.000000  0.05  190.38  
Q17   1 -0.0858  0.1937  0.2565 11.000000  0.05  190.11  
Q18   1 -0.1172  0.2907 -0.3955 11.000000  0.05  189.60  
Q19   1  0.4598  0.6015  0.2620 11.000000  0.05  187.17  
Q20   1 -0.0225  0.1845 -0.1769 11.000000  0.05  183.39  
Q21   1 -0.0466  0.1395 -0.3659 11.000000  0.05  179.14  
Q22   1  0.1156  0.1363 -0.3793 11.000000  0.05  168.88  
Q23   1 -0.2033  0.2641  0.1728 11.000000  0.05  166.58  
Q24   1  0.4927 -0.0278  0.3224 11.000000  0.05  166.43  
Q25   1 -0.1227  0.0187 -0.4403 11.000000  0.05  163.79  
Q26   1  0.4284  0.0593  0.0415 11.000000  0.05  160.67  
Q27   1  0.0598  0.2521  0.1352 11.000000  0.05   71.33  
Q28   1 -0.0578  0.2499 -0.2398 11.000000  0.05   70.29  
Q29   1  0.2155  0.2722  0.0091 11.000000  0.05   68.48  
Q30   1  0.5770  0.4057  0.2849 11.000000  0.05   62.48  
Q31   1  0.3492 -0.0211 -0.0282 11.000000  0.05   61.46  
Q32   1 -0.0611  0.3297  0.0221 11.000000  0.05   60.44  
Q33   1  0.3256 -0.0279  0.1378 11.000000  0.05   60.43  
Q34   1  0.0818  0.1409 -0.1604 11.000000  0.05   56.82  
Q35   1  0.6007  0.1389  0.2607 11.000000  0.05   56.42  
Q36   1  0.0513  0.0223  0.1168 11.000000  0.05   55.22  
Q37   1 -0.1567  0.1121 -0.5150 11.000000  0.05   53.47  
Q38   1  0.1199  0.2149 -0.0159 11.000000  0.05   53.09  
Q39   1 -0.2170  0.1090 -0.4442 11.000000  0.05   52.57  
Q40   1 -0.2580  0.1189 -0.3728 11.000000  0.05   52.51  
Q41   1 -0.0837  0.4160 -0.2646 11.000000  0.05   51.24  
MOLE   2  
HKLF 4                                                                           
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The new instructions are as follows: 
• L.S. 4: This will instruct ShelXL to use 4 cycles of least-squares refinement. We'll leave 
this alone for now, but sometimes you need more cycles. 
• BOND: ShelXL will generate a list of bond lengths and output it to the file intro.lst. 
• FMAP 2: The type of Fourier (electron density) map for ShelXL to generate. 2 is a 
difference map. 
• PLAN 20: The number of Fourier maxima that will be output as Q peaks. Often you'll 
want to increase this from the default. 
• MOLE: "Molecule." This is obsolete and ShelXL ignores it. 
 
The Q lines are formatted as atoms. Each line contains an atom name, atom type, three 
coordinates, a site occupancy factor (sof), a displacement parameter, and a peak size.  
• The atom name is up to four characters and starts with a letter.  
• The atom type refers to the SFAC card (here SFAC C H N O) and defaults to 1 (the first 
atom in the SFAC list).4  
• The atomic coordinates are fractional distances along the a, b, and c axes.  
• The sof is 11 for a fully occupied site.5  
• The displacement parameter describes how much an atom is “spread out,” which is 
represented in Olex2 by the size of an atom’s sphere.  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
4 ShelXL doesn’t read the atom name, so the atom type is determined strictly by the SFAC code. 
5 Why not just 1 for a fully occupied site? When we add 10 to a quantity, ShelXL understands that it’s an exact 
number and doesn’t refine it. If we made the coordinates of this atom […] 10.3195  10.4084  10.1125 […], its 
position would be fixed. We normally want the sof’s of atoms to be fixed at exactly 1, so we write 11. 
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• Finally the peak size, which is only written for Q peaks, measures the electron density at 
the peak. It's encouraging that the size drops off after Q26 because that's the number of 
atoms we expect. 
 
Since the first 26 Q peaks appear to be the 26 atoms in our structure, we would like to convert 
those peaks to real atoms and try refining the resulting structure. Go back to Olex2 and view 
intro.res again. Right-click an atom to see its name: 
 
 
Figure 3.24. Viewing the name of a Q peak. 
 
We should number the atoms according to the scheme in Figure 3.22; it’s always a good idea to 
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Note that your Q peaks may be numbered differently because ShelXS uses a pseudorandom seed. 
 
When you’ve written down all the Q peaks, go back to your text editor and start creating atoms. 
For each atom, type the name on a new line, then its number from the SFAC instruction. Since C 




Check your handwritten list to find the Q peak corresponding to C1. Go to the Q peak, cut 
everything after the name, and paste it after C1: 
 
c1  1  0.0576  0.1369  0.1032 11.000000  0.05  199.03   
 
Do this for all 26 non-hydrogen atoms. For O and N atoms, use the appropriate element type 
from the SFAC card. When you’ve assigned all 26 non-hydrogen atoms, delete all the Q peaks. 
Save the file. Make sure you've backed up your last ins file. Rename your working file from 
intro.res to intro.ins to use it as ShelXS input. Run shelxl intro. You can remember the 
following four lines for backup, editing and refinement: 
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/Users/dwpaley/documents/xray/intro 
==> cp intro.ins [name.txt]         #backup the old ins file by copying it 
==> e intro.res                     #edit the res file using Olex2 and TextEdit 
==> mv intro.res intro.ins          #rename your edited file as .ins for shelxl input 
==> shelxl intro                    #run shelxl 
 
ShelXL gives the following output: 
Read instructions and data 
 Data:    3398 unique,      0 suppressed   R(int) = 0.0243   R(sigma) = 0.0366 
 Systematic absence violations:    0    Bad equivalents:    7 
 wR2 = 0.5142 before cycle   1 for    3398 data and    105 /    105 parameters 
 GooF = S =     3.781;     Restrained GooF =      3.781 for       1 restraints 
 Mean shift/esd =   1.789  Maximum =    -6.542 for  U11 O24        at 21:15:41 
 Max. shift = 0.040 A for C22      Max. dU =-0.015 for C8                      
 wR2 = 0.3711 before cycle   2 for    3398 data and    105 /    105 parameters 
 GooF = S =     3.099;     Restrained GooF =      3.099 for       1 restraints 
 Mean shift/esd =   2.537  Maximum =   -12.306 for  OSF            at 21:15:41 
 Max. shift = 0.028 A for C22      Max. dU =-0.012 for C18                     
 wR2 = 0.2687 before cycle   3 for    3398 data and    105 /    105 parameters 
 GooF = S =     2.233;     Restrained GooF =      2.233 for       1 restraints 
 Mean shift/esd =   2.464  Maximum =   -12.347 for  OSF            at 21:15:41 
 Max. shift = 0.016 A for C22      Max. dU =-0.007 for C18                     
 wR2 = 0.2451 before cycle   4 for    3398 data and    105 /    105 parameters 
 GooF = S =     2.055;     Restrained GooF =      2.054 for       1 restraints 
 Mean shift/esd =   0.160  Maximum =     0.764 for  OSF            at 21:15:41 
 Max. shift = 0.002 A for C4      Max. dU = 0.000 for C22                      
 wR2 = 0.2455 before cycle   5 for    3398 data and      2 /    105 parameters 
 GooF = S =     2.078;     Restrained GooF =      2.078 for       1 restraints 
 R1 =  0.0856 for    3302 Fo > 4sig(Fo)  and  0.0876 for all    3398 data 
 wR2 =  0.2455,  GooF = S =   2.078,  Restrained GooF =    2.078  for all data 
 Flack x =    0.146(136) from 1158 selected quotients (Parsons' method) 
     0  atoms may be split and     0  atoms NPD 
 R1 =  0.0872 for   2174 unique reflections after merging for Fourier 
 Highest peak    0.74  at  0.4162  0.0322  0.2854  [  0.81 A from C2 ] 
 Deepest hole   -0.38  at  0.4010  0.4906  0.2271  [  1.41 A from O10 ] 
 
 +++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
 +  intro         finished at 21:15:41   Total elapsed time:      0.19 secs  + 
 +++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
 
Each refinement cycle produces a block of four lines; the output for the first cycle is highlighted. 
The residual wR2 measures the deviations between calculated and observed intensities. This is 
the quantity ShelXL attempts to minimize. The goodness of fit can be hard to interpret, but keep 
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in mind that S should be approximately 1 in the final model. The “shift/esd”6 and “max. shift” 
lines show whether the refinement is converging. In this example, the mean and maximum 
shift/esd numbers are large for the first 3 cycles and much smaller for the fourth, which means 
we used just enough cycles to reach approximate convergence. 
 
 After the output from the final refinement cycle, the program prints an overall summary. R1 is a 
good quick estimate of the model's quality.7 The final wR2 is listed. Finally, the program lists the 
largest features in the difference Fourier map, which measures the disagreement between the 
model and the data in units of e- Å-3. 
 
3.2.4. Evaluating the model. 
The ShelXL output is in intro.res. Open this file in Olex2 and TextEdit. The structure should 
have all its non-H atoms in the right places and assigned as the right types: 
 
    
Figure 3.25. Refined model of non-H atoms. 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
6 Esd is the estimated standard deviation of a parameter. 
7 wR2 is better to refine against, but R1 is a better quick sign of quality. This is the “R-factor” that people refer to. 
For a good model, R1 is typically less than 5% and wR2 is about twice R1. 
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There are a few possible problems you could find at this stage:  
• You put in an atom that doesn’t belong. You’ll recognize this by an unusually large Uiso 
(the size of its sphere). Right-click the atom to see its name and make a note to delete it. 
In this example, an H atom was assigned as a C:    
 
     
Figure 3.26. A carbon that doesn’t belong. 
 
• An atom is missing. You’ll see a large Q peak. If the model is mostly complete, the sizes 
of Q peaks will become meaningful, so a missing carbon atom will be represented by a Q 
peak of about 4 to 6 electrons/A3. Write down the number of the Q peak and the atom it 
should represent. You’ll find a list of Q peaks and their coordinates at the end of the res 
file. Copy the appropriate peak, paste it where it belongs, and rename it. In this example, 
C17 was omitted. The resulting Q peak is 4.23 electrons/A3: 
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Figure 3.27. A missing carbon atom. 
 
• An atom is the wrong type. You can often recognize this problem by a Uiso value slightly 
different from the atom’s neighbors. A C that should be an O will look too small; an O 
that should be a C will look too big. Make a note of this too. Remember that atom type is 
determined by the SFAC number, not the atom name. In this example, O24 and C26 were 
mixed up, giving a large O and a small C:   
 
    
Figure 3.28. Misassigned atom types. 
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If you identify a problem that seems like an easy fix, you can make the change in your current 
ins file and simply run it again. If the problem seems difficult and you want to save your current 
work, then make a backup before you start experimenting too much. 
 
3.2.5 Anisotropic refinement. 
When Olex2 shows that you’ve placed all non-H atoms correctly, the next step is to make your 
model anisotropic. The isotropic model represented each atom as a spherically symmetric 
electron cloud, which is a rough approximation. The anisotropic model introduces additional 
parameters to represent atoms as ellipsoids, which better represents the way they vibrate in a 
crystal.  
 
It’s easy to tell ShelXL to make atoms anisotropic. In your res file, just above the atom list, make 
a line simply saying ANIS to make all atoms anisotropic. If you want to make only certain atoms 
anisotropic, you can write ANIS [atoms]. Going anisotropic is a big change, so you should run a 




==> cp intro.ins iso-model.txt      #backup the original ins file by copying it 
==> e intro.res                     #edit the res file using Olex2 and TextEdit 
==> mv intro.res intro.ins          #rename your edited file as .ins for shelxl input 
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It gives the following output: 
 
Data:    3398 unique,      0 suppressed   R(int) = 0.0243   R(sigma) = 0.0366 
 Systematic absence violations:    0    Bad equivalents:    7 
 wR2 = 0.2455 before cycle   1 for    3398 data and    235 /    235 parameters 
 GooF = S =     2.120;     Restrained GooF =      2.120 for       1 restraints 
 Mean shift/esd =   0.884  Maximum =     4.472 for  U23 C17        at 13:54:44 
 Max. shift = 0.006 A for C3      Max. dU =-0.001 for C25                      
 wR2 = 0.2130 before cycle   2 for    3398 data and    235 /    235 parameters 
 GooF = S =     1.834;     Restrained GooF =      1.834 for       1 restraints 
 Mean shift/esd =   0.416  Maximum =     2.130 for  U23 C17        at 13:54:44 
 Max. shift = 0.004 A for C12      Max. dU = 0.001 for C17                     
 wR2 = 0.2094 before cycle   3 for    3398 data and    235 /    235 parameters 
 GooF = S =     1.794;     Restrained GooF =      1.793 for       1 restraints 
 Mean shift/esd =   0.062  Maximum =     0.409 for   z  C3         at 13:54:44 
 Max. shift = 0.002 A for C3      Max. dU = 0.000 for O9                       
 wR2 = 0.2094 before cycle   4 for    3398 data and    235 /    235 parameters 
 GooF = S =     1.796;     Restrained GooF =      1.795 for       1 restraints 
 Mean shift/esd =   0.014  Maximum =    -0.082 for   y  O10        at 13:54:44 
 Max. shift = 0.000 A for C25      Max. dU = 0.000 for C17                     
 wR2 = 0.2093 before cycle   5 for    3398 data and      2 /    235 parameters 
 GooF = S =     1.795;     Restrained GooF =      1.795 for       1 restraints 
 R1 =  0.0743 for    3302 Fo > 4sig(Fo)  and  0.0761 for all    3398 data 
 wR2 =  0.2093,  GooF = S =   1.795,  Restrained GooF =    1.795  for all data 
 Flack x =    0.111(137) from 1158 selected quotients (Parsons' method) 
     0  atoms may be split and     0  atoms NPD 
 R1 =  0.0749 for   2174 unique reflections after merging for Fourier 
 Highest peak    0.68  at  0.4153  0.0424  0.2854  [  0.90 A from C2 ] 
 Deepest hole   -0.38  at  0.6068 -0.0022  0.7780  [  1.49 A from O10 ] 
 
 +++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
 +  intro         finished at 13:54:44   Total elapsed time:      0.38 secs  + 
 +++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ 
 
Note that the number of parameters in the model has increased from 105 to 235 because every 
atom has 6 displacement parameters instead of 1. The R-factors and GooF have improved.  
 
Anisotropic atoms appear in the res file as follows: 
 
C1    1    0.057653    0.136915    0.103155    11.00000    0.01165    0.01919 = 
         0.01760   -0.00253    0.00260   -0.00186 
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The last 6 numbers are the anisotropic displacement parameters. The = sign is a continuation 
mark since ShelXL only reads lines up to 80 characters. To write a longer instruction, the first 
line is ended with a = sign and the second line is started with a space. 
 
3.2.6. Locating hydrogen atoms: AFIX and HFIX. 
Open the output file intro.res in Olex2. Most of the Q peaks will correspond to hydrogen atoms, 
but we haven’t generated enough Q peaks to see all the hydrogens. Go back to TextEdit and tell 
Shelxl to generate more Q peaks by changing the PLAN instruction. PLAN 50 will be enough. At 
the same time, increase the L.S. cycles to 10, to make sure your refinement is fully converged 
after each change. Save the ins file and run Shelxl again. Reopen the res file in Olex2; now the 
positions of all H atoms should be visible.  
 
We could turn all the Q peaks into H atoms as we did above for C, N, and O, but this will add a 
lot of extra parameters for very little gain in the accuracy of the model. It’s better to place most 
H atoms in geometrically calculated positions so that their electron density is included but the 
model isn’t over-parameterized. This goes especially for C-H bonds, which give H atoms in 
easily predictable positions. The Shelxl instruction AFIX places atoms in calculated positions.8  
 
For H atoms, the AFIX instruction goes after the parent atom and surrounds the constrained 
atoms. Common AFIX types are 13 (C-H sp3); 23 (CH2 sp3); 33 or 1379 (two different ways to 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
8 Many details about AFIX at http://shelx.uni-ac.gwdg.de/SHELX/shelxl_html.php#AFIX.  
9 AFIX 137 performs a “rotating group refinement” in which the H3C-R bond is rotated to place the hydrogen atoms 
on density maxima. AFIX 33 simply generates a staggered conformation. The rotating group refinement is better if 
the data will support it. 
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treat a methyl group); 43 and 93 (respectively 1 and 2 H’s on an sp2 C or N); and 147 (an 
idealized OH). AFIX 0 goes after the last constrained atom to end the instruction. 
 
We’ll start by adding hydrogens to a single methylene. Back up your last ins file, then open the 




C1    1    0.057653    0.136915    0.103155    11.00000    0.01165    0.01919 = 
         0.01760   -0.00253    0.00260   -0.00186 
C2    1    0.060825    0.205395    0.216140    11.00000    0.01350    0.02500 = 
         0.01731   -0.00165    0.00406   -0.00064 
C3    1   -0.086328    0.193446    0.254723    11.00000    0.01656    0.02867 = 
         0.01700   -0.00235    0.00596   -0.00474 
 […] 
 
Set up the hydrogen atoms as follows: 
 
[…] 
C1    1    0.057653    0.136915    0.103155    11.00000    0.01165    0.01919 = 
         0.01760   -0.00253    0.00260   -0.00186 
C2    1    0.060825    0.205395    0.216140    11.00000    0.01350    0.02500 = 
         0.01731   -0.00165    0.00406   -0.00064 
afix 23 
H2a 2 0 0 0 11 -1.2 
H2b 2 0 0 0 11 -1.2 
afix 0 
C3    1   -0.086328    0.193446    0.254723    11.00000    0.01656    0.02867 = 
         0.01700   -0.00235    0.00596   -0.00474 
 […] 
 
Remember the format for atoms is: name, atom type, coordinates, occupancy, Uiso or Uij. We fill 
in zeroes for the coordinates because the AFIX instruction will place them appropriately. The sof 
is 11 because the sites are fully occupied. The Uiso is negative so that Shelxl knows to calculate it 
from the parent atom. A Uiso of -1.2 represents 1.2 times the “equivalent Uiso” of the parent atom. 
For methyl groups a Uiso of -1.5 is better, to account for free rotation of the terminal group. 
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Save this file, rename and run ShelXL. The R-factors and GooF improve. In the res file, you get 
the following lines: 
 
[…] 
C1    1    0.057321    0.136975    0.103134    11.00000    0.01174    0.01943 = 
         0.01704   -0.00270    0.00285   -0.00193 
C2    1    0.060652    0.205274    0.216215    11.00000    0.01338    0.02384 = 
         0.01786   -0.00192    0.00319   -0.00141 
AFIX  23 
H2A   2    0.087893    0.307156    0.213543    11.00000   -1.20000 
H2B   2    0.132564    0.156084    0.268098    11.00000   -1.20000 
AFIX   0 
C3    1   -0.086443    0.193674    0.254701    11.00000    0.01677    0.02829 = 
         0.01742   -0.00270    0.00604   -0.00454 
 […] 
 
The dummy coordinates for the H atoms have been replaced by their calculated positions. 
 
The command HFIX automatically generates AFIX instructions and dummy H atoms. We’ll use 
this to generate all C-H hydrogens. Using Olex2 or the line structure above, write down a list of 
carbons that need hydrogens. For example: 
 
sp3 CH: C1, C6, C16 
sp3 CH2: C2-C5 
CH3: C12-C14, C17, C25, C26 
sp2 CH: C20, C21 
 
Make sure these atom names match your model. ShelXL will give you a warning if the AFIX 
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Set up the HFIX instructions. It’s okay to reuse the same ins file here. Using the appropriate 
codes for each type of C-H bond, you’ll write above the first atom in the list:  
 
[…] 
hfix 13 c1 c6 c16 
hfix 23 c2 > c5 
hfix 137 c12 > c14 c17 c25 c26 
hfix 43 c20 c21 
[…] 
 
The > sign can abbreviate lists of atoms. This shortcut doesn’t pay attention to your numbering 
scheme, it just reads down the atom list. C2 > C5 denotes, “Start at C2 and go down the list until 
you reach C5.” This is a good reason to keep your atom list in the right order. Be careful to avoid 
double HFIX-ing: if you included C2 in HFIX 23, make sure to delete the previously added 
lines AFIX 23 […] AFIX 0.  
 
You can make one more change to this ins file for a small improvement in the quality of your 
model. Include a temperature instruction: TEMP -173. The apparent length of bonds involving 
hydrogen is slightly increased at lower temperature because they vibrate less strongly.10 
 
Refinement with all C-H bonds improves the R-factor from 7.5% to 3.9% and the GooF from 
1.79 to 0.97. 
 
3.2.7. Locating acidic hydrogens: semi-free refinement and DFIX. 
Finally we have to include the 3 OH and NH protons. There are three ways to deal with these. 
We could use AFIX constraints to put them in calculated positions like the C-H hydrogens. This 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
10 This effect is known as libration. 
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isn’t a great option because OH and NH protons are less predictable and also more interesting, so 
we would like to find them accurately from the data if possible. Going to the opposite extreme, 
we could use a totally free refinement with the X-H distance and angles unrestrained. This is 
hard because the H atoms scatter weakly and the refinement can become unstable or give results 
that don’t make sense. If your data is very good, you can try this. Often a semi-free refinement is 
the best idea, with the X-H angles free to refine and the distance restrained to approximately a 
reasonable value.  
 
View the structure in Olex2 to make a plan for these X-H protons. The NHBoc proton is clearly 
visible as Q2. There appear to be two different configurations of the amine and phenol protons, 
respectively Q1, Q3 and Q4, Q9: 
 
 
Figure 3.29. The Fourier map appears to show two disordered configurations of H15 and H24. 
 
In the apparent first configuration, the OH proton forms an intramolecular hydrogen bond O-
H…N, and in the second configuration the NH proton is hydrogen bonded N-H…O. Judging by 
peak heights, the first configuration is the major one, which should match our intuition that a 
phenol is a better H-bond donor and an amine is a better acceptor. 
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Looking closely at Q2, the carbamate NH, you may notice the Q peak is displaced slightly out of 
the C-N-C plane: 
 
Figure 3.30. Why is the carbamate N nonplanar? 
 
This is unusual because nitrogen conjugated to a carbonyl is normally planar. To find out the 
reason, select the Q peak and type mode grow, which draws close intermolecular contacts that you 
can click to generate symmetry equivalents. Click the bond involving Q2, which reveals a close 
contact with the phenol O of a second molecule. This H-bond explains why the N-H is bent out 
of plane: 
 
         
Figure 3.31. Generation of symmetry-equivalent molecules using mode grow. 
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Press escape to leave growing mode, then select N7 and the H-bonded O24 and type sel to print 
the distance between them.11 The distance is 3.03 A, which is a relatively weak H-bond. 
Therefore we’ll use a semi-free refinement with the H allowed to bend out of plane but with the 
N-H distance restrained to approximately the typical value for an amide N-H.12 
 
The standard N-H bond length is listed in the ShelXL output file intro.lst. Open the file: 
 
/Users/dwpaley/documents/xray/intro 
==> e intro.lst       
 
Just a little below the echoed ins file, you can find the following information:  
 
Default effective X-H and X-D distances for T = -173.0C  
 AFIX m =    1     2     3     4   4[N]  3[N]  15[B]  8[O]   9   9[N]   16 
 d(X-H) =  1.00  0.99  0.98  0.95  0.88  0.91  1.12  0.84  0.95  0.88  0.95 
 
 Note that these distances are chosen to give the best fit to the X-ray data 
 and so avoid the introduction of systematic error.  The true internuclear 
 distances are longer and do not vary with temperature!  The apparent 





	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
11 sel on three atoms prints a bond angle; on 4 atoms it prints a torsional angle. 
12 According to Peter Müller, “In very rare cases, when extremely accurate high-resolution data is available and a 
hydrogen atom is involved in a strong hydrogen bond, which significantly lengthens the donor-hydrogen distance, it 
may even be possible to refrain from using a distance restraint altogether.” With a weak intermolecular H-bond, this 
doesn’t seem like a very rare case. 
	   224	  
According to the ShelXL instructions, AFIX 3n is for sp3 CH/NH and AFIX 4n is for sp2 
CH/NH. Therefore we’ll restrain the N-H distance to the sp2 distance, 0.88 Å. Using the 
coordinates of Q2, create a new atom H7 just below N7: 
 
[…] 
N7    3    -0.075648    0.127734   -0.085408    11.00000    0.01907    0.02328 = 
         0.01378   -0.00360    0.00212   -0.00506 
H7 2 -0.1397  0.0562 -0.0985 11 -1.2 
dfix 0.88 n7 h7    
[…] 
 
To restrain13 a bond length to an approximate value, DFIX is used with the desired length and 
one or more pairs of atoms. Also note that the Uiso of the H atom is given as 1.2x the Ueq of the 
parent atom. Finally remember to make H7 a hydrogen by changing the SFAC code to 2. 
 
Now we look at the phenol OH and the nearby amine NH. We could try modeling the two 
different H-bond isomers as a two-part disorder, but this is difficult with H atoms because they 
contribute so little electron density. We’ll keep it simple for now by only looking at the larger 
peaks Q1 and Q3.  
 
In Olex2, type fuse to show just the asymmetric unit, then mode grow again. Q1 (the amine NH) 
doesn’t reveal any short intermolecular contacts. In View-Symmetry Generation-Packing, there’s 
a slider to change the mode grow radius. You can turn this slider up, but it still doesn’t find any 
potential H-bonding partners. By generating some symmetry equivalents from other nearby 
atoms, you can see that Q1 sits in a pocket of mostly hydrophobic groups. Therefore we’ll treat 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
13 Restraints (e.g. DFIX) are different from constraints (e.g. AFIX). A restraint is treated as data to refine against 
and therefore it is approximate. A constraint expresses certain parameters exactly in terms of other parameters. 
Restraints improve the stability and accuracy of the model; constraints improve the data-to-parameter ratio.  
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this as a standard sp3 N-H bond. In your text editor, using the coordinates of Q1, create H15 just 
below N15. Set the atom type, restrain the N-H bond length using the distance for AFIX 3n [N], 
and constrain Uiso appropriately: 
 
[…] 
N15   3    0.195312    0.161402    0.060310    11.00000    0.01309    0.02546 = 
         0.01633   -0.00183    0.00295   -0.00308 
H15 2  0.1809  0.1247 -0.0117  11 -1.2 
dfix .91 n15 h15   
[…] 
 
Finally, look at Q3, the phenol OH. The distance O24-N15 is 2.56 A, which is a very strong H-
bond, near the distance associated with “low-barrier hydrogen bonding”14. To investigate more, 
we can have Olex2 draw a residual electron density map, which is a button under Work-Refine-
Toolbox Work: 
 
            
Figure 3.32. Generation of an electron density map to investigate H15 and H24. 
 
The map reveals that Q3 and Q4 are the peaks of a tube-shaped region of electron density 
between O24 and N15. (This a possible sign of a LBHB.) What should we do? It depends on our 
goals for the refinement. A true low-barrier hydrogen bond would be difficult to model in 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
14 In a low-barrier hydrogen bond the proton vibrates in a wide potential well, e.g. Day et al., “Encircled proton”. J. 
Am. Chem. Soc. 2007, 129, 8692-8693; and references therein.  
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ShelXL, which relies on spherical and ellipsoidal atoms. Furthermore, the density from this 
hydrogen atom is contaminated by lone pairs and bonded pairs that are also not described by this 
model. This unaccounted density is visible in the middle of the N15-C16 bond, which is certainly 
not the location of H24! A more accurate treatment of these effects would require extremely 
high-resolution data and specialized refinement techniques.15 In light of these uncertainties, we 
would probably do best to treat the O-H proton routinely with a semi-free refinement. We’ll 
weaken the O-H distance restraint to account for the strong hydrogen bond. 
 
Set up H24 as for the other two acidic hydrogens, using the coordinates of Q3. Remember to 
change the atom type and apply the appropriate Uiso constraint. For the DFIX instruction, we’ll 
weaken the esd of the restraint to twice the default value of 0.02. The esd is written after the 
target distance and before the atom list: 16 
 
[…] 
O24   4    0.318579    0.407346    0.108216    11.00000    0.01710    0.01962 = 
         0.01880    0.00391   -0.00061    0.00149 
H24 2 0.2683  0.3344  0.0726  11.00000  -1.2 
dfix .84 .04 o24 h24  
[…]   
 
Save the res file, back up the previous ins with a descriptive name, rename the res to ins and run 
ShelXL. R1 improves further from 3.9% to 3.4%. The GooF is now 0.87.  
 
For structures containing hydrogen bonds, it’s good practice to generate a table of H-bond 
distances and angles. ShelXL makes this relatively easy. Enter the instruction HTAB (H-bond 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
15 In this case, the situation was investigated by growing a deuterated crystal, which would affect the vibration of 
this proton. The “omit map” was identical in the deuterated crystal, which indicates the “stretched” proton is an 
artifact and not a low-barrier hydrogen bond.  
16 All this and more at http://shelx.uni-ac.gwdg.de/SHELX/shelxl_html.php#DFIX. 
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table) at the top of your ins file and run the refinement. In the resulting lst file, find the following 
table of possible hydrogen bonds: 
 
 Hydrogen bonds with  H..A < r(A) + 2.000 Angstroms  and  <DHA > 110 deg. 
 Appropriate HTAB instructions appended to .res file for future use. 
 
 D-H              d(D-H)   d(H..A)   <DHA    d(D..A)   A 
 C1-H1            0.980     2.593   159.60    3.528    O9 [ -x, y-1/2, -z ] 
 C12-H12C         0.960     2.471   116.38    3.022    O9  
 C14-H14A         0.960     2.464   116.97    3.023    O9  
 N15-H15          0.908     2.615   122.25    3.193    O9  
 N7-H7            0.879     2.158   171.40    3.030    O24 [ -x, y-1/2, -z ] 
 O24-H24          0.871     1.732   159.02    2.565    N15  
 
Not all of these close D-H…A contacts represents an actual hydrogen bond. In particular, 
ShelXL will flag many incidental C-H…X contacts. C-H hydrogen bonding is an interesting 
topic,17 but we just want to get the important features correct. Therefore we’ll ask ShelXL to 
analyze only two X-H…X interactions that we previously noted, which are O24-H24…N15 and 
N7-H7…O24 of a different molecule (recall that we had to generate a symmetry-equivalent 
molecule to see H7’s hydrogen bonding partner). The symmetry operation that generates the H-
bonding partner is listed in the table. We will use the EQIV instruction to explain the symmetry 
operation to ShelXL, but fortunately the res file already contains everything we need. After the 
END instruction, we find the following table:  
 
REM Instructions for potential hydrogen bonds 
EQIV $1 -x, y-1/2, -z 
HTAB C1 O9_$1 
HTAB N7 O24_$1 
HTAB C12 O9 
HTAB C14 O9 
HTAB N15 O9 
HTAB O24 N15 
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
17	  For	  example,	  see	  G. R. Desiraju, Acc. Chem. Res., 35 (2002), 565-573. 
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The HTAB format is htab [donor] [acceptor]. Move the table to the top of your ins file and 
delete the lines that we’re not interested in. Notice the use of the EQIV syntax: HTAB N7 O24_$1 
denotes, “generate a table for the H-bond between N7 and O24 transformed by the operation on 
the instruction EQIV $1”. The output of your finished HTAB instructions is the following block 
in your lst file, which contains structural parameters with esd’s for the hydrogen bonds we 
selected. 
 
Specified hydrogen bonds (with esds except fixed and riding H) 
  D-H          H...A        D...A        <(DHA) 
  0.87(2)      2.17(2)      3.031(2)     171(2)       N7-H7...O24_$1 
  0.88(3)      1.72(3)      2.565(2)     160(3)       O24-H24...N15 
 
3.2.8. Finishing the model and generating a CIF file. 
The last thing to include in the model is a weighting scheme. Each reflection is weighted by a 
quadratic function of its intensity and esd.18 ShelXL chooses coefficients so that the GooF is 
close to 1 across the range of observed intensities. However, it doesn’t apply its estimated 
weighting scheme, but instead prints it after the end of your res file. When your model is almost 




REM  intro in P21 #4 
REM R1 =  0.0333 for    3302 Fo > 4sig(Fo)  and  0.0345 for all    3398 data 
REM    250 parameters refined using      4 restraints 
  
END   
      
WGHT      0.0429      0.1390  
 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
18 See http://shelx.uni-ac.gwdg.de/SHELX/shelxl_html.php#WGHT and Wilson, Acta 
Cryst. A32 (1976) 994-996. 
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Copy this WGHT instruction and replace the current weighting scheme, which is near the top of 
the file. In addition, add a few more instructions: acta to generate a cif file, more -1 to generate 
a variance-covariance matrix that can be useful in Olex2, bond $h to include hydrogen atoms in 




EQIV $1 -x, y-1/2, -z 
HTAB N7 O24_$1 








WGHT    0.0429      0.1390 
FVAR      10.00426 
 
Save, rename and refine. You will notice that R1 isn’t greatly affected by the weighting scheme 
but wR2 and the GooF are improved. Update the weighting scheme a few times, repeating the 
refinement, until the weights converge.  
 
To publish your structure, you have finish your cif file and validate it with the checkCIF utility 
provided by the IUCr. Olex2 makes this process relatively painless. 
 
Before you start making your CIF file, back up your most recent ins file. This step of the 
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Open your last res file in Olex2. Under the “Refine” tab, make the following changes: 
 
 
Figure 3.33. Set Z’ and update the formula. 
 
Set Z’ (the number of molecules in the asymmetric unit) to the correct number (1 in this case). 
Click the blue “OK” button to transfer the current formula to the UNIT instruction. Then select 
EditàInstructions to view Olex2’s version of your ins file. Note the values of Z (on the ZERR 
line) and the UNIT sums for each atom type.  
 
Open your ins file in TextEdit, fill in the correct values for ZERR and UNIT, and refine the 
structure again. Return to Olex2 and reload the new res file. Go to the “Report” tab. The first 
time you visit this tab, you will normally have to resolve some conflicts between the cif and 
cif_od files, which are the two sources of data for the final structure. When the entries are in 
conflict, it’s safe to choose the entry from the cif_od file, which is generated by the 
diffractometer.  
 
Under “Report,” check the following items: In the “Crystal” tab, there should be dimensions 
listed. In the “Diffraction” tab, set the cell measurement and diffraction temperatures to 100 K. 
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In “Absorption correction,” check that the correct method is listed.19 Since this is a non-
centrosymmetric structure, choose the right answer for “absolute structure determination.” In this 
example, the product was made from a precursor of known configuration, so “synthesis” is the 
right choice.  
 
After providing all this information, click “Merge CIF” to combine the cif_od metadata with the 
ShelXL-generated cif file. 
 
Finally, you can send your structure to checkCIF directly from Olex2 by clicking “CheckCif 
Report”. The report will contain somewhere between a couple and a couple hundred alerts, 
which are in categories according to their potential seriousness. The report can be very useful for 
identifying problems in your structure, but in this case there should only be “general 
information” like the presence of chiral centers and restraints in the structure.  
 
When you’ve resolved everything important in the checkCIF report, click “Make Report” under 
the Report toolbar to generate a useful table of crystal data. It’s also a good idea to write a 
description of the refinement and a publication-formatted table of crystal data. Templates for 
these items are available in Office format at http://preview.tinyurl.com/kpk2lf7 and may be 
freely modified and used by anyone. When solving other people’s structures, I like to generate 
some nice-looking views of the molecule using CrystalMaker or Mercury and include these 
figures in the SI material. This sounds like a lot of work, but it’s easy when you’ve just finished 
the refinement and very difficult if you save it for 6 months later when you’re writing a paper. 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
19 If there’s no absorption correction listed, make sure your cif_od file is present and has the same name as your res 
file.  
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The final refinement description and crystal data for the structure described in this chapter are 
reproduced in Section 3.2.9. 
 
When you’ve finished generating SI material, make a new folder titled [name]-final. Make sure 
the name is descriptive! Copy the following 11 files into the final folder: name.cif, name.res, 
name.lst, name.mat, (the output of the final refinement); name_cifreport.pdf, name.docx, 
name.xlsx, name_tables.html (analysis generated after the final refinement); name.hkl, 
name.cif_od, name_red.sum, (files to help in re-solving the structure later if necessary). Don’t 
include name.ins, because Gmail refuses to send attachments containing ins files. Compress this 
folder into a zip file, which is your archived final structure. 
 
3.2.9. Template for refinement and crystal data. 
 
 
Please add the following text as an acknowledgment:  
Single crystal X-ray diffraction was performed at the Shared Materials Characterization 
Laboratory at Columbia University. Use of the SMCL was made possible by funding from 
Columbia University. 
 
Single crystal X-ray diffraction: 
Data for all compounds was collected on an Agilent SuperNova diffractometer using mirror-
monochromated Cu Kα or Mo Kα radiation. Data collection, integration, scaling (ABSPACK) 
and absorption correction (face-indexed Gaussian integration20 or numeric analytical methods21) 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
20 Blanc, E.; Schwarzenbach, D.; Flack, H. D. J. Appl. Cryst. 24 (1991), 1035-1041. 
21 Clark. R. C.; Reid, J. S. Acta Cryst. A51 (1995), 887-897. 
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were performed in CrysAlisPro.22 Structure solution was performed using ShelXS,23 ShelXT,24 
or SuperFlip.25 Subsequent refinement was performed by full-matrix least-squares on F2 in 
ShelXL.23 Olex226 was used for viewing and to prepare CIF files. PLATON27 was used 
extensively for SQUEEZE,28 ADDSYM29 and TwinRotMat. Many disordered solvent molecules 
were modeled as rigid fragments from the Idealized Molecular Geometry Library.30 ORTEP 
graphics were prepared in CrystalMaker. 31  Thermal ellipsoids are rendered at the 50% 
probability level.  
 
A chloroform solution of Tyler1 was slowly evaporated to afford large, colorless blocks. Part of 
a crystal (.13 x .04 x .03 mm) was separated carefully, mounted with STP oil treatment, and 
cooled to 100 K on the diffractometer. Complete data (99.5%) were collected to 0.815 Å. 6661 
reflections were collected (3398 unique, 3302 observed) with R(int) 2.4% and R(sigma) 3.7% 
after analytical absorption correction (Tmax .987, Tmin .952).  
 
The space group was assigned as P21 based on the systematic absences. The structure solved 
readily in ShelXS with 1 molecule in the asymmetric unit. All non-H atoms were located in 
Fourier maps and refined anisotropically with no restraints. O-H and N-H hydrogens were 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
22 Version 1.171.37.35 (2014). Oxford Diffraction /Agilent Technologies UK Ltd, Yarnton, England. 
23 Sheldrick, G. M. Acta Cryst. A64 (2008), 112-122. 
24 Sheldrick, G. M. Acta Cryst. A71 (2015), 3-8. 
25 Palatinus, L.; Chapuis, G. J. Appl. Cryst. 40 (2007), 786-790. 
26 Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. J. Appl. Cryst. 42 (2009), 339-
341. 
27 Spek, A. Acta Cryst. D65 (2009), 148-155. 
28 Van der Sluis, P.; Spek, A. L. Acta Cryst. A46 (1990), 194-201. 
29 Le Page, Y. J. Appl. Cryst. 21 (1988), 983. 
30 Guzei, I. A. J. Appl. Cryst. 47 (2014), 806-809. 
31 CrystalMaker Software Ltd, Oxford, England (www.crystalmaker.com). 
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located in a Fourier map and refined with restrained X-H distances and riding isotropic ADPs. C-
H hydrogens were placed in calculated positions and refined with riding coordinates and ADPs.  
 
The final refinement (3398 data, 4 restraints, 250 parameters) converged with R1 (Fo > 4σ(Fo)) = 
3.3%, wR2 = 8.2%, S = 1.05. The largest Fourier features were 0.18 and -0.22 e- A-3. The Flack 
parameter was 0.10(14) due to low Friedel coverage, but the high esd is unimportant because the 




Figure 3.34. Molecular structure of Tyler1. Black, carbon; red, oxygen; blue, nitrogen; white 
spheres, hydrogen. C-H hydrogens are omitted for clarity. 
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Compound	   Tyler1	  
  Formula	   C21H34N2O3	  
MW	   362.50	  
Space	  group	   P21	  
a	  (Å)	   9.38419(13)	  
b	  (Å)	   9.16524(15)	  
c	  (Å)	   12.3755(2)	  
α	  (°)	   90	  
β	  (°)	   98.6298(15)	  
γ	  (°)	   90	  
V	  (Å3)	   1052.35(3)	  
Z	   2	  
ρcalc	  (g	  cm
-­‐3)	   1.144	  
  T	  (K)	   100	  
λ	  (Å)	   1.54184	  
2θmin,	  2θmax	   11.07,	  142.7	  
Nref	   6661	  
R(int),	  R(σ)	   .0243,	  .0366	  
μ(mm-­‐1)	   0.602	  
Size	  (mm)	   .13	  x	  .04	  x	  .03	  
Tmax,	  Tmin	   .987,	  .952	  
  Data	   6661	  
Restraints	   4	  
Parameters	   250	  
R1(obs)	   0.0331	  
wR2(all)	   0.0820	  
S	   1.054	  
Peak,	  hole	  (e-­‐	  Å-­‐3)	   0.17,	  -­‐0.22	  







Table 3.2. Crystal data for Tyler1.	  
